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Abstract

The NASA Langley Research Center IMPACT model has been used to examine the response
of the middle atmosphere to alarge tropical stratospheric injection of sulfate aerosol, such as that
following the June 1991 eruption of Mt. Pinatubo. The influence of elevated aerosol on heteroge-
neous chemical processing was simulated using a three-dimensional climatology of surface area
density (SAD) developed using observations made from the HALOE, SAGE Il, and SAM satel-
lite instruments beginning in June 1991. Radiative effects of the elevated aerosol were repre-
sented by monthly-mean zonally-averaged heating perturbations obtained from a study conducted
with the ECHAM4 GCM combined with an aerosol microphysical model. Two elevated-aerosol
simulations were integrated for 31/2 years following the volcanic injection. One simulation
included only the aerosol radiative perturbation, and one simulation included both the radiative
perturbation and the elevated SAD. These perturbation simulations are compared with multiple-
year control simulationsto isolate the relative contributions of transport and heterogeneous chem-
ical processing in the middle-atmospheric response to volcanically elevated aerosol.

Introduction

Accurate assessment and prediction of the atmospheric responsesto changing composition are
challenging, given the complexity of the Earth climate system, yet crucial for providing guidance
in public policy-making decisions. Confident prediction of future atmospheric states requires the
use of three-dimensional (3-D) general circulation models (GCMs), which smulate the global
atmospheric circulation from fundamental principles, and a comprehensive formulation of rele-
vant chemical processes. Because changes in atmospheric composition have the potential for
altering climate, a significant modeling advance is the interactive coupling of the chemical pro-
cesses with the dynamical and radiative processes, permitting the evolving constituent fields to
influence the circulation and thermal structure of the simulated atmosphere. As summarized in the
most recent Scientific Assessment of Ozone Depletion [World Meteorological Organization,
1999], “Ultimately, when computer resources allow and the GCM formulation is adequate, [fully
coupled models] will be the preferred 3-D tool for assessment and prediction.”

Recent studies have adopted different approaches in conducting chemistry-climate coupling
studies over seasonal to decadal timescales, but demonstrate an evolution of modeling capabilities
toward such 3-D coupled GCMs with fully interactive chemistry. Chipperfield [1999] has
reported results of multi-annual simulations conducted with a 3-D chemical transport model
(CTM) which combines a comprehensive photochemical model with analyzed meteorological
fields, reproducing much of the observed daily, seasonal, and interannual variability in column
ozone. Thismodel implementsa partial coupling in that the model-simulated ozone distributionis
used to determine vertical transport. Although simulated (GCM-generated) rather than assimi-
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lated dynamical fields may be used with such CTMs to predict future atmospheric states [e.g.,
Eckman et al., 1995], full chemical-radiative coupling is not possible with CTM approaches. Var-
ious GCM studies have demonstrated components of fully-coupled model development while
pursuing alternate approaches in applications to climate change studies. Parameterized or simpli-
fied chemistry schemes have been implemented within GCMs to conduct focused decadal forcing
and response studies [Hansen et al., 1997; Shindell et al., 1998]. In particular, the model used by
Shindell et al. [1998] may be considered partially coupled in that the changing abundances of
ozone and other greenhouse gases influence the radiative balance, athough resulting ozone trans-
port changes are not calculated interactively. Steil et al. [1998] have shown first results of a 15-
year integration of a 3-D GCM which includes a comprehensive chemistry scheme, although the
model was not radiatively coupled (modeled constituent distributions were not used in radiative
calculations). Several studies have presented results of radiatively coupled GCM simulationswith
comprehensive chemistry: Rasch et a. [1995] present multi-annual simulations with radiative
coupling of the modeled stratospheric water vapor but not ozone, Zhao et al. [1997] present sea-
sonal resultsfor Northern-Hemisphere winter from amodel with full chemical/radiative coupling,
and Austin et al. [2000] present series of one-year simulations with ozone/radiative coupling.
Considered together, such studies suggest that it is now feasible to conduct decadal ssimulations
using interactive models with comprehensive chemistry.

The period following the June 1991 eruption of Mount Pinatubo in the Philippines providesan
excellent case study for the application of dynamical/chemical atmospheric modelsin assessing
chemical perturbations. Greatly elevated levels of sulfate aerosol spread globally throughout the
stratosphere within afew months of the eruption, constituting what was probably the largest natu-
ral stratospheric perturbation of the 20th century [WMO, 1999]. Record-low column ozone
amounts were observed following the eruption, and observational and modeling studies have at
least partially attributed these declines to enhanced catalytic ozone destruction in the lower strato-
sphere mediated by heterogeneous chemical reactions on sulfate aerosol. Previous modeling stud-
ieswhich have included both comprehensive stratospheric chemistry schemes and some degree of
chemical-radiative coupling have pursued different approaches in simulating the post-Pinatubo
stratosphere. Tie et al. [1994] present results of a 3-year integration using a 2-D interactive chem-
ical-dynamical-radiative model coupled with an aerosol microphysical model. Rosenfield et al.
[1997] present 21/2-year integrations conducted with a2-D coupled chemical-dynamical-radiative
model in which the time-dependent aerosol evolution is represented using satellite-observed
extinction measurements. Zhao et al. [1997] present Northern Hemisphere results from 4-month
integrations of a coupled 3-D GCM with different stratospheric aerosol loadings specified as
monthly-mean surface area densities obtained from previous 2-D modeling studies. Chipperfield
[1999] presents 6-year integrations of a3-D CTM, driven by analyzed atmospheric fields and
using modeled O3 to calculate diabatic transport, in which liquid aerosol composition is deter-
mined using a monthly-mean H2SO4 climatol ogy.

The NASA Langley Research Center (LaRC) Interactive Modeling Project for Atmospheric
Chemistry and Transport (IMPACT) model has been devel oped as atool for assessing and pre-
dicting global changes in the composition, thermal structure, and circulation of Earth’'s atmo-
sphere over decadal timescales. Our studies focus on natural and anthropogenic processes which
have contributed to stratospheric ozone changes over the past two decades, the expected recovery
in stratospheric ozone over the next several decades, and how the coupling between chemistry and
climate might modify that expected recovery. The suitability of the model’s dynamical character-
istics for conducting such studies has been established using results of a5-year coupled smula-
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tion [Pierce et al., 2000]. The chemical climatology is briefly presented herein, and detailed
chemical climatologies will be presented in the near future. These comparisons establish arefer-
ence model simulation which serves as a baseline for ongoing perturbation simulations.

In this paper we analyze the response of the atmosphere to alarge volcanic eruption using
multi-year coupled IMPACT model simulations. A new approach is the use of a 3-D time-depen-
dent aerosol surface area density distribution reconstructed from observationally-based regres-
sions. The stratospheric gas-phase chemistry scheme is similar to those used in the previous
studies[Tieet al., 1994; Rosenfield et al., 1997; Zhao et a., 1997; Chipperfield, 1999]. The
parameterization of heterogeneous reactions on sulfate aerosol is comparable to the studies of Tie
et al. [1994] and Zhao et al. [1997], considering the two primary reactions (hydrolysis of N205
and of CIONO2), but less comprehensive than the studies of Rosenfield et al. [1997] (which con-
sidersreactions of HCI) and Chipperfield [1999] (which considers HCI and al so bromine species).
The representation of aerosol radiative characteristics differs widely in these studies. The 2-D
studies[Tieet al., 1994; Rosenfield et al., 1997] include reasonably detailed representations of
aerosol-induced radiative and photolytic changes (i.e., from absorption and scattering), the GCM
study [Zhao et al., 1997] does not consider these effects, and the 3-D CTM study [Chipperfield,
1999] implicitly includes direct radiative effects through the analyzed temperature fields. In the
present study, aerosol radiative effects are parameterized as monthly- and zonally-averaged heat-
ing anomalies obtained from a study in which a GCM was interactively coupled to an aerosol
microphysics model [Stenchikov et al., 1998]. The horizontal resolution of the IMPACT model is
approximately twice as fine as the other models, and the vertical resolution is comparable to the
3-D models and somewhat coarser than the 2-D models. The upper boundary of the model domain
inthe IMPACT model is above the mesopause, significantly higher than in the other 3-D models,
which significantly improves representation of the stratospheric diabatic circulation [Lawrence,
1997; Rind et al., 1999; Pierce et a., 2000].

The present study is the first application of a 3-D coupled GCM with comprehensive chemis-
try to investigate the combined chemical, radiative, and dynamical response to volcanically-ele-
vated stratospheric sulfate aerosol over amulti-year period. These ssmulations allow usto validate
the modeled responses to a large transient perturbation and to assess the significance of such
responses with respect to atmospheric interannual variability. Establishing such confidenceisa
prerequisite to conducting chemical sensitivity studiesin the context of simultaneous atmospheric
forcings (e.g., trace gas emissions, volcanic eruptions, El Nino/Southern Oscillation, Quasi-Bien-
nial Oscillation, solar cycle).

The simulations conducted in this study are described next, followed by a discussion of basic
model chemical characteristics and a description of the post-Pinatubo aerosol parameterizations
used in the model. Results and conclusions follow. A description of the IMPACT model is given
in Appendix A.

Simulations

Two multiple-year control simulations, designated BL1 and BL 2, were conducted to establish
the baseline behavior and interannual variability of the IMPACT model. The BL1 and BL2 simu-
lations differed only in the introduction of atemperature perturbation in theinitial condition of the
BL2 simulation. Two elevated-aerosol simulations were integrated for 31/2 years following the
volcanic injection; a simulation designated AH included only the aerosol radiative perturbation,
and asimulation designated AHS included both the radiative perturbation and elevated SAD in
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chemical calculations. These simulations allow assessment of the relative contributions of trans-
port and heterogeneous chemical processing to the response of the middle atmosphere to elevated
aerosol. The influence of aerosol absorption and scattering on photolysis rates is not simulated,
however the influence of overhead column O3 changes on photolysisis explicitly captured in
these coupled simulations. Heterogeneous chemical reactions on PSC and sulfate aerosol surfaces
are enabled in all simulations. A background “clean” aerosol SAD distribution [WMO, 1991] is
used inthe BL1, BL2, and AH simulations.

The baseline smulation BL1 was initialized on January 1 from a previous coupled IMPACT
model simulation. The BL1 simulation was integrated for atotal of 5 years, years 2-5 of which are
anayzed here. Over this period, global mean temperatures remain stable (decrease of less than
0.01% per year), global mass-weighted N,O decreases by |ess than 0.05% per year, and global
total ozone has a mean increase of 0.1% per year. The dynamical fidelity of thissmulation is
described in detail by Pierce et al. [2000].

A second baseline simulation (BL 2) was conducted to allow a better assessment of model
interannual variability. The BL2 simulation was initialized from the BL 1 simulation on June 1 of
Year 2 by superimposing asmall (peak amplitude of 0.01 K) random temperature perturbation
throughout the troposphere. The two simulations diverge significantly from each other within a
month as these dlight initial differencesin tropospheric temperature yield differing tropospheric
evolution, followed by differing forcing of the stratosphere. The BL2 simulation was integrated
over the same 31/2-year time period as the elevated-aerosol simulations.

The AH and AHS simulations were a so both initialized from the BL 1 simulation on June 1 of
the second year, thus Year 2 corresponds to 1991 for obtaining SAD and aerosol heating values
from the post-Pinatubo data sets. The use of calendar year as alabel in presentation of model
results refers only to these aerosol characteristics, asthe model is not constrained by the dynami-
cal characteristics of particular years.

Baseline chemical characteristics

Thefidelity of the IMPACT model representation of the distribution and seasonal evolution of
chemical constituentsis illustrated through select comparisons with observations. The dynamical
climatology of the IMPACT model is presented in Pierce et a. [2000]. An in-depth chemical cli-
matology will be presented elsewhere. For these background comparisons, seven-year mean cli-
matologies are constructed from the 7 full years of baseline model simulations (Years 2-5 of BL1
and 3-5 of BL2). Each individual year of the BL1 and BL2 simulations is considered an indepen-
dent realization of the “true” model climate.

Seasonal altitude-latitude comparisons

Zonally- and seasonally-averaged distributions of modeled CH4, O3, and HC| are compared
with Version 19 HALOE observations [Russell et a., 1993] for December-January-February
(DJF) and June-July-August (JA) seasons. The observed climatol ogies extend from 1993-1999
to reduce the impacts of the Pinatubo eruption. The observed climatol ogies are restricted to 50
degrees latitude in the winter hemisphere, due to poor sampling poleward of this latitude, and to
altitudes with seasonal mean CH4 mixing ratios of less than 1.8 ppmv, to filter out noisein the
tropospheric retrievals. Differences are expressed in percent (model-HALOE)/HAL OE. Esti-
mated uncertainties in the HAL OE measurements are 20% for CH4 [Park et al., 1996], 15% for
O3 [Bruhl et a., 1996], and 15% to 20% for HCI [Russell et al., 1996].
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[Figure 1]shows observed, modeled, and the difference in CH4 distributions for DJF (panels
(@), (b), and (c)) and JJA (panels (d), (e), and (f)). The modeled DJF and JJA CH4 distributions
are generally in very good agreement with the HAL OE observations with differences on the order
of 10% or less, well within the quoted HALOE CH4 uncertainty. Regions with larger differences
include the subtropics between 10 mb and 0.1 mb, where model biases are positive in the winter
hemisphere and negative in the summer hemisphere. The positive biases are largest in the South-
ern Hemisphere (SH) during JJA (figure 1(f)), exceeding 30% (0.2 ppmv). These biases are asso-
ciated with seasonal asymmetriesin the observed CH4 distribution. Lofting of high equatorial
CH4 isopleths into the SH during DJF (figure 1(a)) and into the Northern Hemisphere (NH) dur-
ing JA (figure 1(d)) is dueto the strong wintertime component of the Brewer-Dobson circulation
which extends across the equator into the summer hemisphere. The observed upper stratospheric
asymmetries are also partly associated with the semi-annual oscillation (SAO) which islacking in
the model simulation. The large positive biases (greater than 40%) found above 10mb over the
summer poles are associated with localized regions of low CH4 mixing ratios in the observed dis-
tribution. These low CH4 mixing ratios persist into the fall equinox in both hemispheres but are
absent during the spring equinox (not shown), so they are not likely to be associated with seasonal
(winter) descent of low CH4 mixing ratios from the mesosphere. Instead, they may reflect the
advection of mesospheric air downward into the upper stratosphere by the secondary circulation
associated with the equatorial SAO.

The model CH4 mixing ratios are generally higher than observed by 10% in middle latitudes
of the lower stratosphere during each hemisphere’s summer season, although these differences are
within the uncertainty of the HAL OE measurement. This positive summertime middle latitude
bias suggests either too little descent of lower CH4 mixing ratios from the middle stratosphere
during the previous winter, or too much transport of high CH4 mixing ratios across the middle |at-
itude tropopause which may arise due to the relatively coarse vertical resolution (3 km) of the
model in this region. Although not apparent in figure 1 due to the restriction of HALOE CH4 val-
ues to less than 1.8 ppmv, the model tropospheric CH4 (approximately 1.7 ppmv) islower than
observed by HALOE (approximately 1.8 ppmv) because the surface boundary conditions for the
model CH4 and other trace gases are fixed at 1990 levels whereas CH4 is observed to be increas-
ing. In general, the differences between the observed and modeled CH4 are consistent with a
dlightly weaker winter component of the Brewer-Dobson circulation in the IMPACT model and
with relatively coarse vertical resolution of the model near the tropopause.

[Figure 2]shows observed O3, modeled Ox, and the differences for DJF (panels (@), (b), and
(c)) and JJA (panels (d), (e), and (f)). The agreement between the modeled and observed ozone is
very good in the upper stratosphere (20mb to 1mb) during DJF (figure 2(c)) and JJA (figure 2(f)),
with a slight model negative bias of 10% or less which is within the uncertainty of the HALOE
03 measurement. The modeled Ox distribution shows peak mixing ratios of about 9.5 ppmv at
10mb in the tropics, in good agreement with the observed peak which rangesfrom 9.5 to 10 ppmv.
The meridional gradientsin O3 are well represented in the model except at polar latitudesin the
summer hemisphere between 10 mb and 50 mb, where the model overestimates O3 by about 30%
(2 ppmv). This overestimate probably arises due to model underestimates of the NOx-catalyzed
Ox destruction occurring in the lower stratosphere during periods of continuous sunlight, as dis-
cussed below with respect to column O3. There are small, but systematic, biasesin the vertical
gradients of stratospheric O3 in the model during both DJF and JJA. The model O3 distributionis
systematically low in the upper stratosphere (1.0-10 mb) and high in the lower stratosphere (10-
100 mb). Thisbiasin the vertical gradient of O3 is consistent with underestimates in the Brewer-
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Dobson circulation which would lead to reduced vertical transport of air with low O3 mixing
ratios below the tropical peak at 10 mb (leading to overestimatesin ozone) and of air with higher
O3 mixing ratios above the tropical peak (leading to underestimates in ozone). Large percentage
overestimates in the lowermost stratosphere are likely due to the relatively coarse model vertical
resolution near 100 mb. The overestimate above 1.0 mb is due to our comparison of modeled total
Ox to observed O3 which isnot valid in the mesosphere where the Ox budget includes a signifi-
cant contribution from atomic oxygen.

[Figure 3]shows observed, modeled, and the difference in HCI distributions for DJF (panels
(@), (b), and (c)) and JJA (panels (d), (e), and (f)). The modeled and observed HCI show similar
increases with altitude, but the model reaches peak HCI mixing ratios slightly less than the 3.25
ppbv observed by HALOE. This dight underestimate in the HCI peak is because surface concen-
trations of chlorine source gases arefixed at 1990 valuesin the model simulations while they have
continued to increase throughout most of the HAL OE observational record. Lower stratospheric
reductions in the modeled HCI at polar latitudes during NH (figure 3(b)) and SH (figure 3(e))
winter are evident and reflect the heterogeneous conversion of chlorine from HCI to CIO and
Cl202 during polar night. The agreement between modeled and observed HCI distributionsis
well within the 15-20% uncertainty of the HAL OE HCI measurement throughout the stratosphere
except below 20mb, where the model shows high biases in the tropics and low biases in middle
latitudes during both DJF and JJA. These biases are associated with the lowest HCI mixing ratios
and are again consistent with aweaker than observed Brewer-Dobson circulation in the model. A
weak circulation would result in decreased upward transport of low HCI air into the tropical lower
stratosphere, producing a positive tropical bias, and decreased downward transport of high HCI
air into the middle latitude lower stratosphere, producing a negative middle latitude bias. Alterna-
tively, the biasesin HCI could be accounted for by overestimates in the extent of meridional mix-
ing between the tropics and middle latitudes in the lowermost stratosphere. Overestimatesin
meridional mixing would result inincreases in tropical HCI mixing ratios, decreasesin middle |at-
itude mixing ratios, and a general weakening of the subtropical meridional gradients. The mod-
eled HCI meridional gradient isin fact weaker than observed; however, if excessive meridional
mixing was the cause of the modeled HCI biases, we would expect to see an anti-correlated biasin
CH4, which is not the case. In particular, there is no tropical negative biasin the model CH4 (fig-
ures 1(c) and 1(f)) in spite of the fact that the model tropospheric CH4 is lower than observed, as
discussed above.

Most of the differences between the observed and modeled CH4, O3, and HCI are smaller
than the quoted uncertainties in the HALOE observations but are systematic and appear to be
associated with an underestimate in the strength of the model Brewer-Dobson circulation. To
assess the overall quality of the IMPACT model circulation, we applied the assessment criteria
used to evaluate candidate wind fields for the NASA Global Modeling Initiative (GMI) model
[Douglass et a., 1999] to the IMPACT baseline simulation. The GMI tests focus on comparisons
between modeled and observed N20 and CO2 distributions and consider three different candidate
wind and temperature fields. Two are GCM generated, from a middle-atmosphere version of the
Community Climate Model 2 (CCM2) [Hack et al., 1994] and a middle-atmosphere version of the
Goddard Institute for Space Studies (GISS) model [Hansen et al., 1983], and the third is an assim-
ilated data set from the Goddard Earth Observing System Data Assimilation System (GEOS
DAS) [Schubert et al., 1993].

The IMPACT model scored well overall on the GMI tests. The combined score for the
IMPACT model was 0.61 out of 1.0, second only to the CCM2 which had a combined score of
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0.73. Of particular interest are the results of the residual circulation tests in the upper and lower
stratosphere (tests 2aand 2b in Douglass et al. [1999]). Test 2a assessed the lower stratospheric
circulation by comparing the modeled N20 with in-situ Airborne Tunable diode Laser (ATLAS)
[Podolske and L oewenstein, 1993] observations. The IMPACT model scored 0.84 out of 1.0 on
test 2a, better than the best GMI candidate (CCM2) which scored 0.68. Test 2b assessed the mid-
dle to upper stratospheric circulation by comparing modeled N20 with Cryogenic Limb Array
Etalon Spectrometer (CLAES) [Roche et al., 1993] observations. The IMPACT model scored
0.48 out of 1.0 on this portion of the test, higher than any of the GMI candidates (CCM2 was the
best GMI candidate for this portion of the test with a score of 0.37). The low scores of all models
on this component of the test result from failing to accurately reproduce the observed annual cycle
of N20 in the middle to upper stratosphere. Thisfailure islinked to errorsin simulating the quan-
titative details of the annual cycle of the stratospheric circulation, particularly the winter compo-
nent of the Brewer-Dobson circulation. These circulation deficiencies are likely responsible for
the differences between the IMPACT model and HALOE observations discussed here. However,
the GMI comparisons indicate that the stratospheric transport characteristics of the IMPACT
model are quite good relative to other middle atmospheric models, and we can find no clear evi-
dence for a systematic bias in the strength of the model Brewer-Dobson circulation.

Column ozone

Climatological monthly-mean column ozone and yearly standard deviation of column ozone
from the model and TOM S observations are shown i n TOMS data from 1984 (about 11/2
years after the eruption of El Chichon) to 1990 are used for this pre-Pinatubo comparison. As dis-
cussed in Appendix B, signatures of quasi-periodic forcings not represented in the model have
been removed from the TOM S data. The model (figure 4(b)) reproduces the major features and
seasonal evolution of the observed (figure 4(a)) ozone distribution, including the tropical meridi-
ona minimum, the spring maximum and autumn minimum in NH high latitudes, and the spring
high-latitude minimum and mid-latitude maximum in the SH. The model typically overestimates
column O3 in mid- to high-latitudes (figure 4(c)). Largest NH overestimates, in excess of 60 Dob-
son Units (DU) or about 15%, occur in polar spring and summer; one reason for this overestimate
is that the maximum in high-latitude O3 occurs approximately one month later in the model than
observed. Largest SH overestimates, of up to 80 DU (25%), occur in sub-polar latitudes during
the winter/spring period. The model underestimates tropical column O3 by 10 to 20 DU, or less
than 10% (figure 4(c)). This underestimate is primarily due to an underestimate of the tropo-
spheric O3 column; because tropospheric sources of nitrogen oxides are not represented in this
version of the model, in-situ tropospheric O3 production istoo small. The corresponding standard
deviation in monthly-mean column O3 is shown in figures 4(d) for TOM S and 4(e) for the model.
High-latitude spring is the time of largest variability in column O3 due to variations in the evolu-
tion of the stratospheric winter polar vortex and the timing of the final warming. The largest
model standard deviation, of about 75 DU, occurs in northern polar latitudesin March. The larg-
est apparent NH deviation in TOMS, 30 DU in polar latitudes, occurs one month later, however
TOMS can not view the north polar regions in March. Still, the modeled standard deviation
exceeds that from TOM S in the northern polar regions throughout spring (figure 4(f)). Largest SH
standard deviation values occur in polar latitudes in November in both the model and TOM S data,
but the peak deviation in the model of about 35 DU is 20 DU smaller than that from TOMS data.
Thelargest difference in SH column O3, in sub-polar latitudes during the winter/spring
period, contrasts with the relatively modest overestimate in the NH. A contributing factor to this
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overestimate in the SH vortex collar region is a mid-stratospheric winter vortex which is consis-
tently smaller than observed. shows the seasonal evolution of the 50 mb polar areawhere
temperature islessthan 195 K, obtained from seven model years and 21 years (1979-1999) of the
National Center for Environmental Prediction (NCEP) reanalysis [Kalhay et al., 1996]. Thistem-
perature is areference threshold for the formation of polar stratospheric clouds and subsequent
heterogeneous chemical processing. At this atitude in the SH, the areal extent of the cold pool is
about one-third smaller in the model than in the NCEP data (figure 5(a)), thus it is likely that the
meridional extent of rapid springtime halogen-catalyzed O3 loss is underestimated in the model.
In the NH (figure 5(b)), the mean cold pool areain the model is somewhat larger than in the
NCEP reanalysis, and the observed large interannual variability in NH vortex cold pool areais
well represented by the model, however the mean cold pool areais approximately an order of
magnitude smaller in the NH than in the SH.

The summer high-latitude overestimatesin column O3 are preceded by spring underestimates,
particularly in the SH (figure 4(c)). Concurrent with these underestimates, figure 5 shows that in
both hemispheres modeled cold polar temperatures persist for approximately one month later than
observed. This persistence is aresult of adelayed final warming in the model, which largely
explains the modeled spring underestimate of polar column O3. These underestimates are within
the standard deviation of both the model and TOM S, suggesting that the modeled polar winter/
spring halogen-catalyzed O3 destruction is reasonable in magnitude. Because model halogen
source gas mixing ratios at the ground are fixed at 1990 levels, corresponding to the end of the
TOMS record considered here, this apparent model underestimate of spring high-latitude O3 may
also be partially due to the increases in stratospheric halogen abundance from 1984 to 1990 inher-
ent in TOMS observations.

The consistent overestimates of column ozone in mid- and high-latitude summer (figure 4(c))
are aresult of O3 overestimates in the lower stratosphere (figure 2) and are also characteristic of
other middle atmospheric chemical models[Douglass et al., 1996; Steil et al., 1998; Chipperfield,
1999]. These overestimates may stem from one or both of two possible causes. First, the in-situ
photochemical loss in the high-latitude mid-stratosphere may be underestimated. High-latitude
O3 destruction in the summer stratosphere is primarily driven by NOx-catalyzed cycles during
periods of low aerosol loading [Johnston, 1975], and there is evidence that standard photochemi-
cal models underestimate the NOx-catalyzed loss when using the JPL97 rate compilation used in
thisversion of the IMPACT model [Gao et al., 1999; Osterman et al., 1999]. A recent study [Port-
mann et al., 1999] shows that the use of updated rate recommendations for reactions influencing
nitrogen oxide abundance yields decreases in column O3 of 2-4% in mid-latitudes and up to 10%
in high latitudes. A similar response in the IMPACT model would significantly reduce mid-lati-
tude overestimates, but could not eliminate the higher latitude overestimates. The second possibil-
ity isthat too much O3 is transported poleward from mid-latitudes following the breakdown of
the winter vortex. During winter the modeled O3 abundance is too large in mid-latitudes of both
hemispheres, probably due to either circulation deficiencies or coarse model vertical resolution
near the tropopause as discussed above. This high O3 is mixed poleward in spring during the vor-
tex final warming, when the modeled column O3 rapidly exceeds TOM S values. The overesti-
mate then remains relatively constant throughout both NH and SH summer.

Aerosol parameterizations
Heterogeneous chemical processing on stratospheric liquid sulfate aerosolsis simulated by
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considering the hydrolysis reactions of N,Og and CIONO, (reactions 88 and 89, Table A3,
Appendix A). Other heterogeneous reactions in liquid aerosol, such as those involving HCI and
bromine species, are not included in this version of the IMPACT model. These reactions may be
important under some atmospheric conditions, in particular the cold temperatures characteristic of
the tropical lower stratosphere and high-latitude winter stratosphere [e.g., Tieet al., 1994; Lary et
a., 1996; Solomon et al., 1996; Tie and Brasseur, 1996; Zhao et al., 1997]. Results from a prelim-
inary version of the IMPACT model which includes the heterogeneous reactions of HCI with
CIONO2 and HOCI in liquid aerosol will be briefly discussed where relevant.

Surface area density climatology

To represent the global temporal evolution of sulfate aerosol in the post-Pinatubo period in a
physically consistent manner, athree-dimensional climatology of aerosol surface area density
(SAD) was devel oped using observations made from the HALOE, SAGE |1, and SAM satellite
instruments beginning in June 1991. Monthly regressions of SAD as a function of methane and
potential temperature were performed separately for the Northern and Southern Hemispheres.
During the June-December 1991 period, combined SAM Il and SAGE Il zonal mean SAD data
were regressed against IMPACT model methane using ECMWEF potential temperatures. (The
IMPACT model CH4 was taken from a simulation which included a Pinatubo-aerosol heating per-
turbation, in order to represent the observed elevation in tropical stratospheric CH4 which fol-
lowed the eruption; see discussion below.) From January 1992 onward, HALOE SAD was
regressed against simultaneous HALOE CH4 and NMC analyzed potential temperature (used in
the retrieval of HALOE data products). The resulting series of monthly regressions was interpo-
lated in time, to fill in latitudes during periods not observed by the instruments, and then extrapo-
lated with respect to CH4 to fill in CH4 values not observed by the instruments.

These climatological regressions, together with the 3-D model CH4 and potential tempera-
ture, are used to reconstruct an instantaneous 3-D SAD distribution. This approach allows large
zonal asymmetriesin SAD, observed particularly in the winter middle stratosphere [Harvey et al.,
1999, to be properly represented. For exampl e,ows NH polar orthographic maps of
CH4 and SAD at 50 mb in mid-March from the AHS simulation. The interior of the arctic vortex
is characterized by low CH4 values (figure 6(a)) and low SAD values (figure 6(b)). An extrusion
of high-latitude air (with low CH4 mixing ratio) into mid-latitudesis evident over northeast Asia.
While thisfeature is also present in the SAD distribution, more striking is a corresponding fila-
ment of air with high SAD values on the eastern flank of this extrusion. Proper representation of
heterogeneous chemical processing, particularly for heterogeneous reactions which have a strong
temperature dependence, depends on capturing strong local enhancements which may result from
such zonal structure.

[Figure 7}shows September monthly-mean zonally-averaged cross-sections of reconstructed
model SAD for 4 successive years of the AHS simulation. The peak SAD values descend, move
toward high latitudes, and decrease in magnitude with time, in good agreement with observations
[e.9., Thomason et al., 1997]. In September 1991 (figure 7(a)) peak SAD values of approximately
24 pm?/cmd exist near 30 mb in tropical latitudes. Very low SAD values are found in the SH win-
ter vortex, and somewhat elevated SAD values are found in NH mid- and high-latitudes, centered
around 70 mb, following poleward and downward transport from the tropics. By September 1992
(figure 7(b)) the SAD peak has broadened to essentially all latitudes and has descended to 50mb
in the tropics. In September 1993 (figure 7(c)) and 1994 (figure 7(d)), highest SAD values are
found in the SH extratropics as the volcanic aerosol has descended to the lower stratosphere.
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However, in September 1994 SAD values are still elevated over background levels by a factor of
2 throughout the stratosphere [ Thomason et al., 1997].

Aerosol radiative char acteristics

The aerosol radiative forcing in the AH and AHS simulations was incorporated using
monthly-mean zonally-averaged heating perturbations obtained from a study conducted with the
ECHAM4 GCM [Stenchikov et al., 1998]. These radiative perturbations extend from the ground
to 10 mb, include both solar and infrared contributions, and include modulation of the radiative
forcing by the GCM-simulated cloud distribution. The radiative forcing data extend over a 2-year
period following the eruption of Mount Pinatubo, thus it was necessary to extrapol ate the heating
perturbations to obtain the 31/2 years of data required by the present ssmulations. At each altitude
and latitude, alog-normal decay of the heating perturbations was assumed, and the decay rate
determined by regression of the 2-year time-series of heating perturbations. Aerosol-induced
changes in downward thermal and net solar radiative fluxes at the surface are not considered in

the present simulations.

shows September aerosol radiative heating anomaliesfor the 4 years considered here,
corresponding to the SAD distributions shown in figure 7. In September 1991 (figure 8(a)) peak
aerosol heating rates of approximately 0.3 K/day at 30 mb in tropical latitudes coincide with the
modeled peak in SAD (figure 7(a)). The small negative heating anomaly over the equator at 10
mb is due to alongwave cooling anomaly which is larger than the shortwave heating anomaly.
Slight anomalies of approximately 0.01 K/day result in the tropical troposphere, including a net
cooling in the lower troposphere and a net heating in the upper troposphere. By September 1992
(figure 8(b)) the peak heating anomaly has decreased to about 0.2 K/day, and net heating has
extended into mid- and high-latitudes of the lower stratosphere following the poleward and down-
ward transport of the aerosol particles (figure 7(b)). The stratospheric heating anomaly decays
exponentially during the latter 2 years, with peak values falling to approximately 0.05 K/day in
1993 (figure 8(c)) and 0.01 K/day in 1994 (figure 8(d)). As noted by Stenchikov et al. [199§],
heating anomalies of about 0.3 K/day persist in the equatorial region through August 1992, simi-
lar to previous studies but possibly on the high side of the reported range, and their simulations
yield a peak increase in stratospheric temperature of 3-4 K, in good agreement with observations.

Results

The response to elevated aerosol is presented in this section. Responses to heating and
increased surface area density are considered separately where relevant for distinguishing the
effects of altered circulation and photochemistry. Particular focus is placed on quantifying
responses which are significant with respect to interannual variability. For many of the results
shown here, the reference (pre-volcanic) atmospheric state is represented by monthly-averaged 7-
year climatologies of the BL1 and BL2 simulations, as in the above discussion of baseline chemi-
cal characteristics. The yearly standard deviations from these climatologies are used to judge the
significance of post-volcanic responses; responses larger than twice the baseline standard devia-
tion (2-sigma) are considered significant. For time-dependent comparisons, these baseline
monthly means and standard deviations are used to construct annually-repeating composite base-
lines, denoted as BLC in the figures and discussion.
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Column Ozone Response

shows time series of monthly-mean zonal average column ozone as a function of lat-
itude from the BL 1 baseline (figure 9(a)) and AHS elevated aerosol (figure 9(b)) simulations, and
the difference between the two (figure 9(c)). The large NH spring high-latitude variability shown
in figure 4(e) is a consequence of large interannual differences apparent in the baseline smulation
(figure 9(a)). With elevated aerosol (figure 9(b)), decreases in column O3 are apparent in tropical
latitudes during Years 2 and 3 and in the collar of high O3 equatorward of the SH polar vortex
during Years 3 and 4. Relatively persistent declines of over 10 Dobson Units (DU) are apparent in
both northern and southern mid- to high-latitudes through 1992 and 1993 (figure 9(c)). Very large
high-latitude differences, both positive and negative, result during almost every winter/spring
period in this comparison of individual simulation years (figure 9(c)); these differences largely
reflect model interannual variability rather than a consistent response to elevated aerosol.

The time evolution of near-global (from 60°S to 60°N) mean area-weighted column ozone is
shown in[figure 10 for the two elevated-aerosol simulations, the annually-repeating composite
baseline simulation, and observational datafrom the TOMS instrument. The TOMS data are
adjusted for QBO, ENSO, and solar cycle (Appendix B); during this time period the effect of
these adjustments on the near-global average is a decrease of 4 DU in mid-1991, diminishing to
no net effect by late 1992, and an increase fluctuating between 0 and 2 DU in 1993 and 1994. The
dark shading indicates the baseline 7-year standard deviation, and the light shading shows twice
the standard deviation. All model results shown in figure 10 have been incremented by 3.2 DU,
the mean amount by which the near-global averages of the 7-year mean column O3 computed
from the model and TOM S data differ. The elevated-aerosol simulations have initial column O3
values that are lower than the mean because they were initialized from the BL 1 simulation during
amonth in which anomalously low column O3 was experienced. During the first year following
the eruption, the ssmulation with elevated aerosol heating (AH) yields a decline in column O3
(relative to the baseline) of 2-3 DU, which compares very well with TOM S data. Although this
good agreement is primarily due to the initial offset of the AH simulation relative to the compos-
ite baseline, the calculated declineis dlightly larger than the 2-sigma envelope. The AH simula-
tion response diminishes after mid-1992 and decays to within the 2-sigma variability. The
simulation with aerosol heating and SAD (AHS) predicts alarge O3 decrease of approximately 7
DU during the first year following the eruption, about 5 DU larger than the decrease apparent in
the TOM S record. From late 1992 through 1993, the AHS simulation continuesto predict a
decrease of 6-8 DU, comparing very well with TOMS data. During 1994 the AHS simulation pre-
dicts a near-recovery in column O3, again in good agreement with TOM S observations.

Over the smulation period, the largest differences between the observed and modeled (AHS)
near-global ozone occur in the latter half of 1991 and in mid-1992, during which times the model
predictslower O3 than observed. The model’sinterannual variability in the near-global averageis
highest during the May-June period, and the differences between the AHS ssimulation and TOM S
during these months in 1992 appear larger than the variability. (However, the AHS-simul ated
responseis asingle realization of the “true’” model response, and it is possible that 2-sigma enve-
lopes of multiple model realizations might overlap with TOMS, rendering these differencesinsig-
nificant.) There are several possibilities for the model overestimate of the O3 decline in the first
year following the eruption. Through late 1991 it is possible that some of the differenceis attribut-
ableto theinitialization during a period of anomalously low model O3, as discussed above. Other
possihilities are overestimates of the aerosol radiative heating and/or chemical effects. Because
the radiative perturbation decays rapidly in the second year, a heating overestimate could explain



DRAFT Submitted to JGR-Atmospheres November 2000 12

why the observed O3 loss is well represented by the heating anomaly alone (AH) during the first
year. Alternatively, an overestimate of the chemical response when SAD isgreatly elevated would
yield overestimates of O3 depletion during the first year of the AHS simulation. These possibili-

tieswill be addressed throughout the paper.

The responses of column ozone to elevated aerosol within different latitude bands are pre-
sented as time series of monthly-mean anomaliesin|figure 11. These area-weighted anomaliesare
calculated with respect to the 7-year composite baseline (BLC), and dark and light shading indi-
cate the baseline 1-sigma and 2-sigma envelopes. The near-global average (figure 11(a)) presents
the information shown in figure 10 as percentage anomalies. The column O3 decrease in the AH
simulation grows to 1.5% by early 1992 and remains within a marginally-significant 1% through
1992. The decline in the AHS simulation grows to amost 4% by early 1993, then decaysto amar-
ginally-significant 1% by mid-1994. The AHS simulation yields atropical column O3 decline
(figure 11(b)) which rapidly peaks at 5% in late 1991, decays to a marginally-significant 2% by
mid-1993, and thereafter remains at 1-2%, significant only during the months November through
February. The tropical response of the AH simulation is very similar during the first few months
following the injection, then fallsto approximately half the AHS response by early 1993, after
which the response diminishes to within the background variability. The model interannual vari-
ability in mid-latitudes (figures 11(c) and 11(d)) is approximately 2 times larger than in the trop-
ics, and the heating response (AH) istypically within the interannual variability. However, the
AHS simulation shows significant declinesin mid-latitude column O3 in both hemispheres, of up
to 4% in the NH and 5% in the SH, with largest declines occurring from late 1992 through 1993.
Highest values of SAD in the extratropical lower stratosphere were observed in the latter part of
1992, following poleward transport and descent of the aerosol particles, thus accounting for the
timing of this peak photochemical response. The variability in high latitudes (figures 11(e) and
11(f)) has a strong seasonal variation, with highest variability in spring attributable to the break-
down of the stratospheric winter vortex. The NH high-latitude O3 response (figure 11(e)) is
approximately 50% larger than the mid-latitude response, however the high-latitude responseis
not significant with respect to the variability. The SH high-latitude response (figure 11(f))
includes maximum declines in excess of 10% in late 1992 and declines of over 5% persisting
through 1993. These responses tend to be significant mainly during summer and autumn seasons.
These model results suggest that the initial (first three months) decline in O3 following the injec-
tion islargely due to enhanced tropical upwelling resulting from the increase in radiative heating
in the lower stratosphere, while the longer-term response is due to both the altered circulation and
increased photochemical destruction.

The response of column ozone during the post-Pinatubo period as derived from TOMS data
(adjusted as in Appendix B) within these same latitude bandsis shown in. These area-
weighted anomalies are cal culated with respect to the 1984-1990 mean presented in figure 4(a),
and dark and light shading indicate one and two times the monthly standard deviation from these
years. Thisanalysis of TOMS observations compares very well with the similar study of Randel
et a. [1995]. The decline in the near-global response (figure 12(a)) becomes significant at 1% in
early 1992, growsto 3% by late 1992, remains between 2 and 3% through 1993, and diminishesto
amarginally-significant 1% by mid-1994. As discussed for figure 10, the observed decrease is
smaller than modeled (AHS simulation) until late 1992 and is very similar thereafter. In the trop-
ics (figure 12(b)) a significant response is observed only in mid-1992, with a decrease of about
3%, and mid- to late-1993 with a decrease of about 2%. The modeled response (figure 11(b)) is
very similar during these periods, although the model yields alarge declinein late 1991 whichis
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not apparent in the TOM S observations. In NH mid-latitudes (figure 12(c)) a decrease of about
3% is observed in 1992 and from mid-1993 to mid-1994, mainly significant when interannual
variability isaminimum during the summer and autumn seasons. Thislevel of declineissimilar
to that predicted by the model (figure 11(c)). However during the winter and spring of 1992-1993
alarge decline of up to 10% is observed, larger than resulted from the model during any mid-ati-
tude winter/spring. This observed anomaly is discussed below. The only significant response
observed in SH mid-latitudes (figure 12(d)) is a decrease of 2-4% from late 1993 to early 1994,
somewhat smaller than the modeled decrease of up to 5% (figure 11(d)). Declines of 3% are also
observed in October 1992 and May-September 1993, but the interannual variability is of ssmilar
magnitude during these months. During the summer months when TOMS is able to observe polar
latitudes, consistent declines of approximately 10% are apparent in the NH in 1993 (figure 12(e))
and the SH from 1992-1994 (figure 12(f)), however the variability in the SH istoo large to con-
sider the decreases significant.

The large column O3 decrease in NH mid-latitudes in the spring of 1993 shown in this analy-
sisof TOMS datais also shown in other observationally-based studies [e.g., Randel et al., 1995;
WMO, 1999, figures 4-14 and 4-15]. Tie et al. [1997] use a 2-D model to show the temperature
sensitivity of winter high-latitude heterogeneous reaction rates and resulting O3 loss in the post-
Pinatubo period. They show that because winter 1991/92 was warmer than average and winter
1992/93 was colder than average, using actual temperatures rather than multi-year averages
resultsin 3% less column O3 depletion in spring 1992 and 3% more depletion in spring 1993.
Hadjinicolaou et a. [1997] use a CTM driven by analyzed meteorological fields to show that the
majority of the large decrease in spring 1993 may be accounted for by transport processes. Chip-
perfield [1999] showsthat a CTM driven by analyzed fields and a representative aerosol distribu-
tion reproduces the observed spring 1993 O3 decline, and further concludes that chemical
processing on sulfate aerosol is not important for producing this response. In the present analysis
this observed O3 decrease is much larger than the two-sigma standard deviation computed from
1984-1990 TOM S observations. An unresolved issue is whether the presumed transport anomaly
(implicitly included in the CTM studies through use of analyzed fields) is aresponse to the volca-
nic aerosol perturbation. Although the present study does not show such a large transport anom-
ay, aGCM simulation cannot represent the observed dynamical evolution of a particular year,
and an ensemble of simulations might yield this response as one possible outcome.

Following Angell [1997(a)], Table 1 summarizes the time and size of maximum post-Pinatubo
column O3 anomalies within global, tropical, and NH mid-latitude regions as determined from
the present analyses (e.g., figures 11 and 12) and analysis of ground-based Dobson network data
[Angell, 1997(a)]. Secondary maxima are included for the model results where relevant. The larg-
est modeled global declineisin good agreement with the present TOM S analysis and is larger
than in the ground-based analysis but occurs at about the sametime. In the tropics, the model min-
imum appears too large and too soon; a second minimum of 4.7% 13 months post-eruptionisin
reasonable agreement with the present TOMS analysis, but is still significantly larger and occurs
sooner than in the ground-based estimate. Angell [1997(a)] does however show secondary tropi-
cal minimaat 3 and 15 months post-eruption that are not significant at a 95% confidence level.
This episodic nature of the tropical declineisalso noted by Randel et al. [1995]. It appears that the
derived maxima of individual episodes may be sensitive to the techniques used for removal of
guasi-periodic tropical signals. In NH mid-latitudes, there is very good agreement of the model
with observationsin the timing of the peak decline, but the largest anomaly in the model is
smaller than in Angell [1997(a)] (although in agreement within the uncertainty estimates), and
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significantly smaller than the present TOM S analysis, as discussed above.

The results shown in figure 11 also compare favorably with previous modeling studies. Tie et
a. [1994] and Rosenfield et al. [1997] show near-global peak reductions of about 3% in the latter
half of 1992, versus present estimates of about 4%. Rosenfield et al. [1997] predict column O3
decreases of 2-3% in low latitudes, with approximately half the decline due to circulation
changes, and Tie et al. [1994] estimate peak tropical declines of about 3%. The IMPACT simula-
tionsyield alarger peak tropical decline, of up to 5%, but also show that approximately half the
decline is due to circulation changes through much of 1992. Rosenfield et al. [1997] predict up to
8% decreases in mid-latitudes and 10-12% decreases in high latitudes, and larger decreasesin SH
rather than NH mid-latitudes. Tie et al. [1994] predict similar NH declines, but do not present SH
results. Mid-latitude results from the present simulations compare well with these studies.

The recent study of Portmann et al. [1999] addresses the influence of updated reaction rate
coefficients important in determining the stratospheric NOx abundance. Their results show that
modeled photochemical O3 depletion with post-Pinatubo aerosol levels may be reduced by
approximately 30% at 45°N latitude with these updated rates. If comparable changes occur in low
latitudes, such a reduction in modeled photochemical depletion would improve the present com-
parison with observationsin tropical and global averages.

Circulation response

Theinfluence of elevated aerosol on the middle atmospheric circulation isillustrated using the
annually-averaged Transformed Eulerian Mean (TEM) circulation. Although large aerosol effects
onthe TEM circulation are observed in monthly and seasonal averages, the interannual variability
of the model TEM circulation is also large over these shorter timescales. Thus an annual average
is used to examine persistent circulation changes unobscured by short-period variability.

The mean TEM circulation for the first year following the eruption, June of Year 2 (1991)
through May of Year 3 (1992), is shown in|fi§ure 13} Figure 13(a) shows the TEM circulation
from the AHS simulation; coherent northern and southern hemisphere cells are apparent in this
annual mean. The corresponding vertical (W) component (figure 13(b)) clearly shows tropical
ascent (positive W) and extratropical descent (negative W). Figure 13(c) showsthe TEM anomaly
dueto elevated aerosol, defined by subtracting the BL C from the AHS results. Regions where the
response exceeds the interannual one- and two-sigma standard deviation are shaded to indicate
where the aerosol response is significant. Significant strengthening of both the Southern and
Northern Hemisphere circulation occurs throughout the stratosphere and extends into the lower
mesosphere. Comparabl e strengthening results in both hemispheres, but the mid-latitude response
does not exceed the 2-sigma variability in the upper stratosphere of the NH. The aerosol-induced
anomaly in the TEM W component is shown in figure 13(d). Elevated aerosol resultsin signifi-
cant increases in the upward motion throughout the tropical stratosphere. Enhanced extra-tropical
downward motion is significant throughout the SH stratosphere and in the NH mid-latitude lower
stratosphere and polar upper stratosphere. These vertical velocity anomalies are in broad agree-
ment with the circulation changes shown in figure 13(c).

The strengthening of the TEM circulation is primarily due to the parameterized aerosol heat-
ing perturbation, which represents the increase in radiative heating resulting from absorption and
scattering by the aerosol. This radiative heating perturbation yields enhanced tropical upwelling,
which is compensated by increased poleward and downward motion in the extratropics.

The aerosol-induced TEM circulation anomalies during the second and third years following
the eruption (not shown) have a similar distribution to those shown in figure 13 but diminishin
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magnitude. Significant circulation anomalies till exist in the third year, although the anomalies
are significant mainly in the upper stratosphere.

Altitude-latitude response

Basic characteristics of the modeled response to elevated aerosol areillustrated with atitude
versus latitude cross-sections for a single season one year following the eruption: June-July-
August (JJA) of model Year 3, corresponding to 1992. Shown inare seasonally-aver-
aged temperature, CH4, and Ox (panels (a)-(c)) from the AHS simulation, and corresponding
anomalies with respect to the composite baseline (AHS minus BLC) (panels (d)-(f)). Light and
dark shading indicate locations where the anomaly is larger than one and two times the yearly
standard deviation, respectively. Significant warm anomalies result in low- and mid-latitudes
throughout the stratosphere (figure 14(d)), maximizing at about 5 K (2.5%) in the tropical middle
stratosphere. This warming is due to the radiative heating anomaly resulting from aerosol absorp-
tion and scattering. Marginally significant warm anomalies also result in the SH polar upper
stratosphere, of about 2K, and in the NH polar lower stratosphere, of about 1 K. The main
response in methane (figure 14(e)) is an increase throughout the low-latitude stratosphere, with
peak increases of about 0.08 ppmv (10%) in the extra-tropical mid-stratosphere of both hemi-
spheres. Thisincrease is due to the enhanced tropical upwelling associated with the aerosol radia-
tive heating. Because the methane mixing ratio decreases with atitude (figure 14(b)), upward
motion increases the methane mixing ratio. The most significant O3 response (figure 14(f)) isa
decline of up to 0.40 ppmv (about 8%) in the tropical lower stratosphere, and a significant decline
of about 0.10 ppmv exists throughout the NH lower stratosphere during this period.

The maximum warm anomaly shown in figure 14(d), 5 K at 50 mb in tropical latitudes, is
dightly larger than that shown in other studies. Labitzke and McCormick [1992] show peak warm
anomaliesof 3.5t04 K inthetropical lower stratosphere during late 1991. Angell [1997(b)] uses
radiosonde data to derive a peak equatorial temperature anomaly of 3.0+0.7 K, occurring at 50 mb
6 months after the eruption; this anomaly decaysto about 2 K 15 months after the eruption, atime
period comparable to figure 14(d). The Rosenfield et al. [1997] model study yields largest warm-
ings of about 2.5 K in the tropical lower stratosphere in mid-1992. During this time Rosenfield et
a. [1997] also show O3 changes at 15°N latitude including decreases of greater than 0.3 ppmv
below 28 km and increases of about 0.3 ppmv above 28 km. Current results (figure 14(f)) show a
decrease of 0.4 ppmv at 30 mb (about 25 km), but no significant change above 10 mb (about 32
km); up to 0.1 ppmv of the O3 increase above 28 km shown by Rosenfield et al. [1997] is attribut-
able to aerosol-induced photolysis changes which are only partially included in the present
results, as noted above.

The influence of aerosol on nitrogen species is shown in|figure 15| The main significant
response in NOy (figure 15(a)) is a decrease in the tropical middie siratosphere of over 0.8 ppbv
or 15% (figure 15(e)). Marginally significant increases of about 0.4 ppbv occur in the tropical and
SH extratropical upper stratosphere and in the SH high-latitude lower stratosphere. The NOy
response, positive above the altitude of the peak NOy mixing ratio (figure 15(a)) and negative
below the NOy peak, is aresult of the circulation changes associated with increased tropical
upwelling. HNO3 (figure 15(b)) maximizesin the winter (i.e., SH) high-latitude stratosphere, and
is significantly enhanced with elevated aerosol at all latitudes except for summer (i.e., NH) high-
latitudes (figure 15(f)). Largest increases occur in the winter hemisphere, exceeding 2.4 ppbv
(100%) in polar latitudes. These increases are a direct response to the heterogeneous reactions on
sulfate aerosol, which produce HNO3. The hydrolysis of N205 (reaction 88, Table A3) is effi-
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cient throughout the lower stratosphere, and the hydrolysis of CIONO2 (reaction 89, Table A3)
becomes important at the cold temperatures characteristic of the winter polar stratosphere. Corre-
sponding decreases are apparent in NOx and N205 (figures 15(g) and 15(h)); because N205 is a
nighttime stratospheric reservoir for NOXx, both species are depleted as nitrogen partitioning is
shifted toward HNO3. N205 concentrations are small in latitudes experiencing continuous sun-
light (e.g., figure 15(d)), and temperatures are too warm for CIONO2 hydrolysisto be efficient,
which explains the lack of aresponse in HNO3 in the summer polar stratosphere (figure 15(f)).

The influence of aerosol on chlorine speciesis shown i. Shown are Cly, HCl, CIx,
and CIONO2 (panels (a)-(d)) from the AHS simulation, and corresponding aerosol-induced
anomalies (panels (e)-(h)). Significant responsesin Cly (figure 16(e)) include a decrease of over
0.075 ppbv (5%) in the tropical stratosphere and increases of up to 0.075 ppbv (5%) in the SH
mid-latitude lower stratosphere and 0.025 ppbv inthe NH extra-tropical lower stratosphere. These
responses in Cly again reflect circulation changes; because Cly increases with atitude (figure
16(a)), enhanced tropical upwelling lowers tropical Cly mixing ratios, while corresponding extra-
tropical downwelling (e.g., figure 13(d)) increases mixing ratios in the extratropical lower strato-
sphere. These downwelling signatures are also weakly apparent in CH4 (figure 14(e)) and NOy
(figure 15(e)). The signature is stronger in Cly because Cly has alarger vertical gradient in the
lower stratosphere, where production of Cly from source gas precursors becomes significant. Ele-
vated aerosol decreases HCI in the lower stratosphere exclusive of polar latitudes (figure 16(f));
decreases of about 0.05 ppbv (5%) result in the summer hemisphere (i.e., NH) and of over 0.10
ppbv (10%) in the winter hemisphere (i.e., SH). Significant decreases also occur in low- and mid-
latitude CIONO2 (figure 16(h)), with largest decreases of 0.10 ppbv (10%) in the tropical lower
stratosphere. These decreases in HCI and CIONO?2 in the lower stratosphere are associated with
increases in CIx (figure 16(g)), with largest increases of about 0.10 ppbv (100%) in winter (i.e.,
SH) mid-latitudes. In the upper stratosphere, there isasignificant increase in HCI of up to 0.05
ppbv (2%) in SH extra-tropics (figure 16(f)), and compensating decreases in Clx and CIONO2
(figures 16 (g) and (h)). Here, the elevated CH4 levelsinduced by the aerosol (figure 14(e)) shift
chlorine partitioning toward HCI. Large changes are apparent in al chlorine speciesin the winter
polar stratosphere, however the variability is aso large there, and the only significant changes are
an increase in HCI between 10 and 20 mb (figure 16(f)), increasesin Clx at 10 mb and below 80
mb (figure 16(g)), and decreases in CIONO2 above 15 mb and near 40 mb (figure 16(h)). The
chemical response to elevated aerosol is difficult to discern in this region because significant het-
erogeneous processing on PSC surfaces normally occurs here. As shown in figure 16, significant
responses are thus mainly expected at the boundaries of the region where PSCs normally form,
where cool temperatures increase the efficiency of the CIONO2 hydrolysis reaction (reaction 89
in Table A3). Heterogeneous reactions not included in the model, such as reactions of HCI with
CIONO2 and with HOCI, are also likely to have their largest effect in these regions (e.g., Zhao et
al. [1997]).

Globally-averaged altitude-time response

In this section we show the globally-averaged response to elevated aerosol with respect to alti-
tude and time. Responses are shown as anomalies which are derived by computing global (area
weighted) averages at each model pressure level and time for each simulation, and then taking the
difference between two simulations. Specifically, heating-only anomalies are calculated by sub-
tracting baseline (BLC) from AHS averages, SAD-only anomalies by subtracting AH from AHS
averages, and combined aerosol anomalies by subtracting BLC from AHS averages. Changesin
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temperature, CH4, and Ox are shown first, followed by changesin the nitrogen and chlorine fam-
ilies.

shows anomalies of temperature, methane, and odd oxygen for both the combined
(panels (a)-(c)) and heating-only (panels (d)-(f)) perturbations. The combined thermal response to
elevated aerosol (figure 17(a)) is a warming throughout the stratosphere, with a peak warming at
50 mb which reaches 4K (2%) during the first half of 1992 and decaysto less than 0.5K by the
end of 1993. Rosenfield et al. [1997] estimate the largest near-global (65S-65N) temperature
change as awarming of almost 1.5 K below 50 mb, in comparison with the present estimate of 4
K at 50 mb. Angell [1997(b)] estimates the largest global temperature anomaly in the 100-50 mb
layer to be 1.1+0.3 K 6 months after the eruption; present estimatesare 2 K at 100 mb and up to 4
K at 50 mb, thus a 100-50 mb layer average would exceed the Angell [1997(b)] estimate. Thereis
no consistent thermal response in the troposphere (figure 17(a)), although episodic cooling of up
to 0.5 K occursin the latter half of 1992 and mid-1993. Previous studies have shown declines of
from 0.2-0.5 K in 1992 and smaller declinesin 1993 [McCormick et al., 1995]. It is possible that
we underestimate tropospheric cooling due to the neglect of aerosol-induced changesin radiative
fluxes at the surface [Stenchikov et al., 1998]. Elevated aerosol results in an increase in methane
above 50mb which persists through the entire simulation (figure 17(b)). Thisincrease is due to
enhanced tropical upwelling, as discussed above. Air with high methane mixing ratiosis lofted
into the middle and upper stratosphere, where methane has a photochemical lifetime on the order
of ayear. Methane enhancements of over 0.03 ppmv (5-15%) are still present throughout the
upper stratosphere at the end of 1994. Nedoluha et a. [1998] show negative trends in upper strato-
spheric CH4 as observed by HALOE during 1991-1997. They argue that the most likely cause of
these trends is a decrease in lower stratospheric tropical upwelling, such as occurred during the
decay of the Pinatubo aerosol cloud, however they note that Pinatubo effects on CH4 are thought
to be small and confined to atitudes below 25 km (30 mb). The present results show significant
globally-averaged CH4 increases of up to 0.06 ppmv (15%) throughout the upper stratosphere.
Although our modeled peak anomalies and the decay rates which follow (approximately 0.01
ppmv/year) are only about 25% of the values deduced by Nedoluha et al. [1998], they demon-
strate that Pinatubo-induced circulation changes are important in the upper stratosphere. The com-
bined aerosol responsein Ox (figure 17(c)) isasignificant decrease below about 12 mb, including
apeak decrease of over 0.20 ppmv (5%) at 30 mb from late 1991 to late 1992. Significant
decreases of about 0.05 ppmv (2%) are still experienced during 1994. No consistent significant
responseisindicated at 10 mb and above. Thelack of an upper stratospheric response is due to the
shorter Ox photochemical lifetime there.

The heating-only temperature (figure 17(d)) and methane (figure 17(e)) anomalies are similar
to those derived from the combined aerosol perturbation, confirming that the temperature and
CHA4 responses are largely due to aerosol radiative heating. Relative to the combined anomaly, the
heating-only temperature anomaly is about 0.5 K larger at the altitude of the peak warming (50
mb) but about 0.5 K smaller near 10 mb. Upper stratospheric differences between the CH4 anom-
aliesillustrate a circulation response consistent with the middle-stratospheric temperature differ-
ence: lofting of CH4 in the upper stratosphere is modulated by heating differencesin the mid-
stratosphere. A significant negative Ox anomaly (figure 17(f)) exists between 60 and 10 mb, with
apeak decrease of up to 0.15 ppmv (3%) at 20 mb in early 1992. This anomaly is due to the
enhanced diabatic upwelling of lower O3 values below the O3 peak near 10 mb (e.g., figure
14(c)). The negative anomaly has largely dissipated by early 1993.

Figure 18 shows the SAD-only temperature anomaly as a function of the corresponding odd
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oxygen anomaly. Shown are data from the entire simulation period where both the temperature
and Ox anomalies are significant (larger than interannual 2-sigma standard deviation). Odd oxy-
gen decreases below 25 mb and increases above 25 mb, accounting for the differences between
the combined (figure 17(c)) and heating-only (figure 17(f)) Ox anomalies. These changesin O3
result from changesin the in-situ photochemical destruction caused by the chemical repartitioning
which occursin the presence of elevated sulfate aerosol, as discussed in a subsequent section. The
temperature response is of the same sign as the O3 response and has a magnitude of about 0.5 K
per 0.1 ppmv of Ox. This correlation between temperature and ozone reflects the direct coupling
between photochemical changes associated with elevated aerosols and resulting dynamical
responses due to perturbed radiative heating rates. This feedback of O3 on temperature explains
the differences in the temperature anomalies shown in figures 17(a) and (d). Such feedbacks can
only be captured with coupled chemical/dynamical models.

The combined response of nitrogen species to aerosol heating and SAD is shown in figure 19
The response in NOy (figure 19(a)) is a decrease in the mid-stratosphere of up to 0.4 ppbv (4%)
and an increase in the upper stratosphere of up to 0.6 ppbv (6%). The NOy response reaches a
maximum in mid- to late- 1992. The mid-stratospheric decline persists through early 1993, coin-
cident with the period of the largest radiative heating anomaly (figure 17(a)). The upper-strato-
spheric increase is still pronounced at the end of the simulation, descends and decays slowly
throughout the simulation period, and has a seasonal component (maximizing in October/Novem-
ber). As discussed above, the NOy response is explained by circulation changes associated with
increased tropical upwelling. The NOx response (figure 19(b)) mirrors that of NOy in the upper
stratosphere because NOXx species are the dominant components of NOy in this region. The nega-
tive middle-stratospheric anomalies of NOx (figure 19(b)) and its nighttime reservoir N205 (fig-
ure 19(d)), and the corresponding positive HNO3 anomaly (figure 19(c)), demonstrate the
repartitioning which occurs within the NOy family due to enhanced heterogeneous hydrolysis of
N205 with elevated aerosol. This chemical response maximizes at 20 mb, and the largest effect
occursin late 1991 and early 1992, including HNO3 increases of up to 1.4 ppbv (30%), NOx
decreases of 0.8 ppbv (40%), and N205 decreases of 0.4 ppbv (80%). The response decays but
remains significant throughout the remainder of the simulations, and HNO3 enhancementsin
excess of 0.4 ppbv (10%) remain at the end of 1994.

The response of chlorine speciesto elevated aerosol is more clearly illustrated by first sepa-
rately considering the heating and heterogeneous chemical (SAD) responses. [Figure 20[showsthe
response of chlorine species to aerosol heating only. Significant decreasesin Cly (figure 20(a))
are apparent above 40 mb, while significant increases result below 40 mb. These changesin Cly
are circulation-induced; in this global anomaly, the negative responseis primarily atropical signa-
ture of enhanced upwelling, and the positive response in the lower stratosphereis primarily an
extratropical signature of enhanced downwelling. Largest Cly increases exceed 0.02 ppbv (4%)
near 70 mb through most of 1992, and a significant increase of 0.01 ppbv (2%) persists through
1993. These lower stratospheric Cly increases are largely in the form of HCI (figure 20(c)). Larg-
est Cly decreases, of up to 0.04 ppbv (2%), initially occur between 10 and 20 mb in late 1991. The
peak decrease slowly diminishes and ascends with time, and significant decreases of up to 0.02
ppbv (1%) still exist near 10 mb in mid-1994. The Cly decreaseis largely reflected in decreased
CIONO2 in the mid-stratosphere (figure 20(d)), in addition to decreased Clx above 10 mb (figure
20(b)). The region over which CIONO?2 is decreased coincides with an aerosol heating-induced
reduction in NOXx of approximately 0.10 ppbv (not shown), and the decrease in NOx shiftsinor-
ganic chlorine partitioning from CIONO2 to CIO (CIx) [Stimpfle et al., 1994]. The upper strato-
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spheric increase in HCI (figure 20(c)) and corresponding decrease in ClIx (figure 20(b)), reflecting
amid-latitude shift in chlorine partitioning in response to elevated CH4 levels (e.g., figure 17(b)),
are significant through 1993.

The response of chlorine partitioning to elevated SAD only is shown in The
increase in Clx (figure 21(b)) in the presence of elevated aerosol isalmost entirely at the expense
of HCI (figure 21(c)). Little consistent change is observed in either Cly (figure 21(a)) or CIONO2
(figure 21(d)). Although adirect effect of sulfate aerosol on chlorine partitioning isthe conversion
of CIONO2 to HOCI (i.e., Clx; reaction 89, Table A3), thisreaction is efficient only at cold tem-
peratures and is unlikely to yield alarge global response. Instead, this repartitioning is due to the
repartitioning within the NOy family. Photolysis of the elevated HNO3 enhances OH radical pro-
duction (e.g., Rosenfield et al. [1997]), which increases Clx at the expense of HCI. Thus the alti-
tude distribution and temporal evolution of the Clx anomaly closely follow those of the HNO3
anomaly (figure 19(c)). Largest CIx enhancements, of over 0.08 ppbv (60%), occur at 20 mb from
late 1991 through mid-1992, and the anomaly slowly decays thereafter.

Figure 22 shows the combined response of chlorine species to aerosol heating and SAD. The
Cly response (figure 22(a)) is primarily attributable to the circulation changes induced by the
aerosol heating. CIx (figure 22(b)) is generally elevated in the lower stratosphere (below 10 mb)
through the entire simulation period, although the anomaly episodically diminishesto insignifi-
cant levels during periods corresponding to NH spring in 1993 and 1994. This Clx enhancement is
achemical response, while the CIx reduction in the upper stratosphere is a dynamical response.
Largest decreases of HCI (figure 22(c)) and CIONO2 (figure 22(d)) are of similar magnitude to
each other, in excess of 0.06 ppbv (5%), and coincide in time and space with the CIx enhance-
ment, however the HCI decrease has been shown to be primarily a chemical response and the
CIONO2 decrease to be adynamical response. Theincreasein Cly in the lower stratosphere, of
over 0.03 ppbv (5%) 11/2 years after the eruption, islargely reflected in increased Clx and HCI.

Comparison with UARS measurements

Model results from baseline (composite, BLC) and elevated-aerosol (AH and AHS) simula-
tions are compared with observations made from instruments onboard the UARS satellitein fig-
ure 23. Shown are zonally-averaged distributions of temperature, CH4, O3, HNO3, HCI, and
CIONO2 at 30 mb during May 1992, the approximate altitude and time of the peak modeled
ozone response to elevated aerosol (figure 17). Also shown are instrument uncertainty estimates
(solid thin lines) and the model 1-sigma and 2-sigma yearly standard deviation estimates (dark
and light shading, respectively). Longer-lived species experience tropical stratospheric variability
apparently related to the QBO, which Luo et al. [1997] have characterized for species observed by
the HALOE instrument. At 30 mb during May 1992, they estimate tropical (averaged over 10°S
to 10°N) QBO anomalies of about 0.1 ppmv for O3, 0.04 ppmv for CH4, and -0.10 ppbv for HCI.

Temperatureis compared with datafrom the HALOE archive inffigure 23(a). The temperature
distributions from the two elevated-aerosol simulations are similar to each other, and aerosol heat-
ing yields a net warming at al latitudes. The warming of about 4 K throughout the tropics and
mid-latitudes yields temperatures that compare well with HALOE data; the model is cool by
about 1 K in the tropics, comparable to the model variability, and by up to 3 K in mid-latitudes,
dightly greater than the model variability. Pierce et al. [2000] show that the IMPACT model has a
cold bias of about 2.5 K at 30 mb, similar to these estimates. The modeled high-latitude response,
poleward of about 60°, iswithin the 2-sigma variability and therefore not significant.

The modeled CH4 response to elevated aerosol does not differ significantly from the baseline
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at thistime and altitude (figure 23(b)). The simulations generally compare well with HALOE
CH4 observations, including excellent agreement in the NH and a model high bias of about 0.1
ppmv in SH mid-latitudes, at the upper range of HALOE uncertainty (as similarly noted in the
discussion of figure 1). This agreement indicates that the IMPACT model is adequately represent-
ing the atmospheric residual circulation. Recall (figure 17(b)) that the peak CH4 response to ele-
vated aerosol occurs at higher altitudes, above 10 mb. Because the mgjority of the temperature
and CH4 response is due to the aerosol heating, the results from the two elevated-aerosol simula-
tions are similar for these quantities.

Model O3 iscompared with HALOE observations in figure 23(c). Throughout tropical lati-
tudes, aerosol heating significantly decreases the O3 mixing ratio and elevated SAD vyields further
decreases. These low-latitude decreases yield good qualitative comparison with the HALOE
observations. In particular, O3 from the AHS smulation is within the estimated HALOE uncer-
tainty, although consistently higher than HALOE by 0.5 ppmv (about 12%) at all latitudes. This
model high biasis consistent with figure 2, which shows a bias of 10-20% at 30 mb with low
aerosol loading. No significant high-latitude response occurs at this time and altitude.

Modeled HNO3 is compared with CLAES observationsin figure 23(d). Resultsfrom the AHS
simulation are in excellent agreement with the observations, particularly in NH mid-latitudes; the
significant mid-latitude increases of over 1 ppbv in the NH and 0.5 ppbv in the SH result from
heterogeneous chemical processing with elevated SAD. Relative to the baseline, aerosol heating
alone (AH) yields a significant HNO3 decrease in equatorial and northern tropical latitudes. This
decrease is aresponse to the enhanced tropical upwelling, asthe HNO3 mixing ratio profile peaks
above this altitude at about 20 mb (figure 15(b)). Elevated SAD then yields an increase in the
tropical HNO3 mixing ratio (AHS relative to AH), resulting in excellent agreement with CLAES
observations throughout the tropics. The AHS simulation also yields increasesin SH high lati-
tudes which are significant with respect to the large interannual variability there, however CLAES
did not view these latitudes during this month.

Chlorine partitioning is examined by comparing model results with HALOE HCI (figure
23(e)) and CLAES CIONO2 (figure 23(f)). Thereisvery little effect of aerosol heating on the HCI
distribution at this altitude. Elevated SAD decreases HCl mixing ratios by a small but significant
0.05 ppbv from equatorial to NH mid-latitudes, and by over 0.10 ppbv in SH mid-latitudes; large
decreasesin high latitudes (about 0.10 ppbv) are not significant with respect to model variability.
Although these decreases improve the agreement with HAL OE observations, the AHS simulation
predicts HCI mixing ratios that are more than 0.10 ppbv higher than HALOE in equatorial lati-
tudes, higher than the estimated HAL OE uncertainty, and in the NH extra-tropics, within the esti-
mated HAL OE uncertainty. Luo et a. [1997] show that QBO effects decrease the equatorial HCI
mixing ratio by about 0.10 ppbv at this time and altitude; compensating for this effect would
improve the agreement of the AHS result with HAL OE to about the estimated uncertainty limit.
These results are consistent with the biases shown in figure 3 in tropical latitudes, but are not con-
sistent in mid-latitudes because different seasons are shown and the mid-latitude HCI comparison
exhibits seasonal changes at 30 mb (figures 3(c) and (f)). Elevated aerosol significantly decreases
CIONOZ2 by lessthan 0.1 ppbv in tropical latitudes, resulting in very good agreement with the
CLAES observations. In mid-latitudes, model results show little effect of elevated aerosol on
CIONO2 and are ailmost 0.2 ppbv lower than CLAES observations, comparable to the estimated
CLAES uncertainty estimates. The apparent model overestimate of HCI and corresponding under-
estimate of CIONO2 in NH mid-latitudes indicates that some inaccuracy in the model chlorine
partitioning may exist, likely due to the neglect of heterogeneous reactions of HCl in liquid sulfate
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aerosol in the model version used for these smulations (e.g., Michelsen et al., [1999]). Although
these reactions are most efficient at the cold temperatures typical of the lower tropical strato-
sphere and high-latitude winter stratosphere, preliminary studies have indicated that inclusion of
these reactions in the IMPACT model may decrease HCI and increase CIONO2 mixing ratios
throughout the lower and middle stratosphere! - particularly in the presence of elevated sulfate
aerosol. Tie and Brasseur [1996] show that with high aerosol loading, heterogeneous bromine
chemistry can also significantly enhance CIONO2 and CIO at the expense of HCI in the lower
stratosphere.

Photochemical L oss of Ox

As shown above, stratospheric abundances of reactive nitrogen are reduced in the presence of
sulfate aerosol while those of reactive chlorine and hydrogen are increased. These changes alter
the balance of processes which control photochemical destruction of O3 in the lower stratosphere,
and may lead to either increases or decreases in the O3 abundance depending on the altitude
[Solomon et al., 1996; Zhao et al., 1997; Rosenfield et al., 1997] . shows the effect of
elevated aerosol on in-situ photochemical O3 destruction near the time and altitude of the largest
aerosol-induced change in O3: May of Year 3 (1992) at 30 mb. The catalytic Ox loss cycles, and
the apportioning of Ox loss between hydrogen, nitrogen, and halogen radicals, follow standard
stratospheric definitions [e.g., Wennberg et al., 1994; Crutzen and Shmailzl, 1983]. Figure 24(a)
shows the total photochemical destruction of O3 for both the BL1 and AHS simulations. To first
order the loss increases with increasing solar insolation, thusin May the largest lossisin the
Northern Hemisphere. Elevated aerosol increases the photochemical |oss within the extratropics
of both hemispheres by up to 0.1 ppmv/month. The other panels of figure 24 show that in the
baseline simulation at this altitude, the NOx, HOx, and halogen catalytic loss cycles contribute
approximately equally to the total Ox destruction. The NOx loss fraction is largest in northern
midlatitudes, HOx fractionislargest in the tropics, and halogen fraction islargest in high southern
latitudes. The net effect of the aerosol-induced repartitioning of radical species on O3 photochem-
ical destruction is areduction in the nitrogen-catalyzed fraction by about 50% in the SH and 25-
33% in the NH (figure 24(b)), an enhancement in the halogen-catalyzed fraction by 25-33% (fig-
ure 24(c)), and an increase in the HOx-catalyzed fraction of up to 10% in the SH and 25% in the
NH (figure 24(d)).

The Ox loss at the higher altitude of 20 mb is shown in[figure 23. The relative importance of
the NOx-catalyzed loss increases with altitude through the lower stratosphere, as can be seen by
comparing results from the BL1 simulation at 20 mb (figure 25(b)) to those at 30 mb (figure
24(b)). The loss fractions due to both halogen and hydrogen catalysis show corresponding
decreases with increasing altitude. The aerosol-induced changesin thelossfractions are similar to
those at 30 mb: increased halogen and HOx loss and decreased NOx loss. However, as shownin
figure 25(a), the total photochemical Ox loss at 20 mb is decreased in the tropics with elevated
aerosol. At this altitude the decrease in NOx-catalyzed loss with elevated aerosol islarger than the
increased loss from the other catalytic cycles. These changes are in good qualitative agreement
with model results shown by Tie and Brasseur [1995] for March at 65°N. They show decreased
NOXx destruction of O3 maximizing in the middle stratosphere, increased Clx destruction maxi-
mizing in the lower stratosphere, and slightly increased HOx destruction throughout the middle
stratosphere, yielding a net increase in O3 destruction below 22 km and decrease in destruction
above 22 km.

The increase in the relative importance of the NOx-catalyzed loss with atitude, together with
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the shift in halogen, hydrogen, and nitrogen radicals mediated by heterogeneous chemistry,
explain the globally-averaged response of lower-stratospheric O3 to elevated SAD shown in fig-
ure 18. Below about 25 mb the increases in photochemical Ox destruction due to the enhanced
halogen and HOx catalytic cycles outweigh the decrease in NOx-catalyzed destruction, yielding a
net increase in photochemical Ox loss and decreasein O3. Above 25 mb the decrease in NOx-cat-
alyzed O3 loss begins to outweigh the increases in the other catalytic cycles, yielding a net
decrease in Ox loss and increase in O3.

The difference in 20 mb photochemical Ox loss at northern high latitudes (figure 25(a)) is
largely due to interannual variability. The elevated-aerosol simulation experiences alater fina
warming of the winter stratospheric vortex than does the baseline simulation during this year
(e.g., figure 9). During the warming, air with high Ox mixing ratios is transported poleward,
where it undergoes a period of relatively rapid photochemical loss (in the mid- to upper-strato-
sphere) until Ox levels approach typical ambient concentrations. During May of Year 3 the base-
line ssimulation has already experienced this period of rapid loss, while the el evated-aerosol
simulation is still experiencing it.

Conclusion

We have analyzed the global response of the atmosphere to alarge volcanic eruption using
multi-year simulations conducted with a GCM with coupled comprehensive chemistry. A new
approach is the use of a 3-D time-dependent aerosol surface area density distribution whichis
reconstructed from observationally-based regressions. This study is the first application of such a
model to investigate the combined chemical, radiative, and dynamical response to volcanically-
elevated stratospheric sulfate aerosol over amulti-year period.

Both radiative and chemical effects are shown to contribute to the changes in atmospheric
structure and composition which occur following an eruption of the magnitude of Pinatubo. Sig-
nificant warming of the tropical stratosphere results from aerosol-induced heating. |mportant
stratospheric chemical/dynamical feedback effects are shown, as ozone reductions modulate this
heating by about 0.5 K per 0.1 ppmv of ozone, or up to 10% in the lower stratosphere and 25% in
the middle stratosphere. Differing causes of changesin composition are illustrated in the parti-
tioning of chlorine speciesin the mid-stratosphere, where the decrease of HCI has been shown to
be primarily a chemical response, while that of CIONO2 is primarily a dynamical response.

In agreement with previous studies, the direct radiative response to the aerosol perturbation
has largely decayed within 2 years of the eruption. However, signatures of the altered circulation
are still apparent in the upper stratosphere at the end of these s mulations (31/2 yearsfollowing the
eruption), as long-lived species such as CH4 are still recovering from anomal ous concentrations
induced by enhanced tropical upwelling in the months just after the eruption. Chemical changes
initiated by heterogeneous reactions in the presence of increased sulfate aerosol are largely con-
fined to the lower and middle stratosphere, but still persist at the end of these simulations because
sulfate aerosol is still elevated over pre-volcanic “clean” aerosol levels by about a factor of 2.

Relative to TOMS observations, the model appears to overestimate the O3 reduction during
thefirst year following the eruption in the tropics and in aglobal average. Thereafter the modeled
and observed globally-averaged reductions are very similar, peaking at 31/2-4% inlate 1992 and
decaying to within the interannual variability of 1% by mid-1994. Based on thisinitial overesti-
mate of O3 reduction, and on our maximum stratospheric warming anomaly of about 5 K in com-
parison to previous estimates of 4 K, it appears that our model ed radiative response to the el evated
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aerosol is overestimated by about 20% in the lower stratosphere. Also, the modeled photochemi-
cal depletion of O3 with elevated aerosol may be overestimated by up to 30% in mid-latitudes on
the basis of recently revised rate recommendations for key nitrogen radical partitioning reactions.
Below 20 mb enhanced tropical upwelling and increased photochemical |oss contribute approxi-
mately equally to decreasing O3, while above 20 mb reduced photochemical O3 destruction com-
pensates the decrease in O3 due to enhanced upwelling. Some studies have shown small aerosol-
induced O3 increases between 20 and 10 mb, suggesting that the O3 increase due to decreased
destruction exceeds the transport-induced O3 reduction in this atitude range. A slight overesti-
mate of our modeled radiative response would be consistent with such behavior.

M odeled mid-latitude column O3 reductions are similar to observed reductions over most of
the simulation period. In the NH good agreement includes significant decreases of 3-4% from
mid-1992 to mid-1994, however the observed large reduction of up to 10% in winter/spring 1992-
93 is not simulated by the model. Modeled SH mid-latitude reductions of over 4% beginning in
late 1992 exceed observed reductions, but modeled and observed reductions of near 3% compare
well inlate 1993 and early 1994. It islikely that these particular discrepancies in mid-latitudes
result from interannual dynamical variability, which can not be addressed in these single realiza-
tions of time-dependent elevated aerosol simulations. In particular, the observed large NH reduc-
tion in winter/spring 1992-93 has been largely attributed to dynamical variability rather than a
direct response to Pinatubo.

This sensitivity in O3 response illustrates the challenge of confidently predicting future chem-
ical/climate interactions. The modeled atmospheric response to a large transient perturbation can
be clear and unambiguous in regions where the variability is either low or can be reasonably char-
acterized, asin tropical QBO cycles. However, even large perturbations must be considered in the
context of other sources of variability when characterizing responsesin regions of the atmosphere
naturally subject to large variability, such as the middie and high latitude stratosphere in winter
and spring. Improved confidence in the prediction of possible responses to time-dependent forc-
ingsin such regions may require, at the minimum, an ensemble of simulations in which the
extrema of other sources of variability are considered in the model.

Models such as the IMPACT model are well-suited for establishing causal relationships
important in determining future likely atmospheric states. With continued increases in computing
speed, such interactive models will evolve into climate models which allow afull range of physi-
cal interactions, giving increased confidence in global change predictions. The results of these
simulations, including our abilities to extract trends that are significant with respect to internal
variability, diagnose both dynamical and photochemical forcings for the observed changes, and
identify dynamical-chemical feedbacks, demonstrate that we can realistically investigate chemis-
try/climate coupling issues over decadal time scales.
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Appendix A: Description of the IMPACT model

The LaRC IMPACT model isaglobal, three-dimensional coupled dynamics, radiation and
chemistry model of the troposphere and middle atmosphere [Grose et al., 1984; Grose et al., 1987,
Blackshear et al., 1987; Pierce et a., 1993; Fairlie et al., 1998; Pierce et a., 2000]. The dynamics
component is ageneral circulation model based on the primitive equations, and the chemistry
component is composed of constituent mass continuity equations for 24 individual constituents
and chemical families. The model isradiatively coupled through the computed ozone distribution,
and includes full tropospheric physics with cloud-radiative feedbacks. The terrain-following
sigma coordinate is used throughout. A spectral representation with triangular truncation at 32
waves (T32) isemployed in the horizontal. Nonlinear terms are evaluated using the transform
method on alatitude-longitude grid of approximately 2.8°x2.8°. The vertica domain extends
from the ground to 90 km using 34 levels in the dynamics component, and from the ground to 60
km using 24 levelsin the chemistry component. Vertical resolution is approximately 100 hPain
the troposphere and 3 km in the stratosphere. Vertical transport is conducted with athird-order
upwind-biased flux-limited finite difference scheme. Time integration is accomplished using a
centered second-order (leapfrog) method with atime step of 15 minutes, and a 1-2-1 centered
timefilter is applied at afrequency of every six time steps to control odd-even time splitting.
Complete details and characteristics of the dynamics component are presented in Pierce et al.
[2000]. Recent developments in the chemistry component are detailed here.

The chemical component of the IMPACT model has evolved from the chemistry-transport
model described in detail in Eckman et al. [1995]. Recent developments include the explicit trans-
port of ten additional constituents, an improved treatment of the partitioning of active chlorine
species, anew photochemical tendency calculation which is more accurate for species with
“short” photochemical lifetimes, and an improved parameterization of polar stratospheric cloud
(PSC) formation and associated heterogeneous chemical processing.

The present version of the chemistry model considers 53 chemical species (Table A1) using
41 photolytic reactions (Table A2) and 105 chemical reactions (Table A3). Twenty-four chemical
families or individual species are explicitly transported, and the concentrations of the remaining
species are obtained by partitioning of the chemical families using standard photochemical equi-
librium techniques. The 24 transported constituents are odd oxygen (O,=0 + O(1D) + Oy), total
odd nitrogen (NOy:N + NO + N03 + 2N205 + HN03 + H02N02 + ClON02 + BrONOZ), total
inorganic chlorine (Cly=Cl + CIO + HOCI + HCI + CIONO, + 2Cl, + 2Cl,0, + CIO, + OCIO +
BrCl), HNOg3, N,Os, H,0O,, HCI, CIONO,, N,O, CFCl3, CF,Cl,, CCl,, CH3Cl, CH3CCl;, total
inorganic bromine (Bry=Br + BrO + HOBr + HBr + BrONO, + BrCl), CH3Br, CF3Br, CF,CIBr,
HF, CFCIO, CF,0, CH4, HO,NO,, and HOCI. The last ten members of this list have been added
since the study of Eckman et al. [1995]. Inorganic bromineisrelevant in severa catalytic odd-
oxygen destruction cycles, thusit and its source halocarbon gases are now transported. HF isthe
predominant fluorine-containing reservoir species in the stratosphere; CFClIO and CF,0, aso flu-
orine reservoir species, are intermediates between the hal ocarbon source gases and HF [Kaye et
al., 1991]. CH, concentration had previously been specified in the model as a seasonal zonal
mean climatology. Both HO,NO, and HOCI had previously been treated in photochemical equi-
librium in the model, however with a 15-minute time step it is possible to explicitly transport both
species throughout much of the troposphere and stratosphere. HO,NO, is an important nitrogen
reservoir in the upper troposphere and lower stratosphere - the region of the atmosphere receiving
increasing emphasis in our modeling efforts. HOCI can be avery important speciesin the hetero-
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geneous conversion of chlorine to active forms because it is both a product of (i.e., reaction 89 in
Table A3) and areactant in (i.e., reaction 43 in Table A3) potential heterogeneous reactions.
Transport of HOCI allows a more redlistic partitioning of active chlorine during nighttime. This
realistic partitioning iscritical for proper representation of the above heterogeneous reactions dur-
ing polar night, and also resultsin improved prediction of CIONO, concentrations at |atitudes not
experiencing continuous sunlight.

Odd hydrogen (HO,) is assumed to be in photochemical equilibrium throughout the model
domain. A simplified methane oxidation scheme isincluded through the representation of CH,
chemistry. The present version of the model includes gas-phase bromine chemistry but does not
consider heterogeneous bromine reactions. Three of the species considered in the model (H,0,
H,, and CO) are specified as afunction of latitude, altitude and time, as detailed in Eckman et al.
[1995]. At present thiswater vapor climatology, rather than the explicitly-transported water vapor
resulting from tropospheric moist processes, is used in photochemical calculations.

Kinetic rates are taken from the compilation of DeMore et al. [1997], and bimolecular and ter-
molecular rate constants are calculated at each time step. As noted in Eckman et al. [1995], the
reaction of ClO + OH with a branching ratio of 5% to the HCI + O2 channel isincluded; recently
published results (e.g., Lipson et al. [1997], Khosravi et a. [1998]) continue to support thisinclu-
sion, with arecommended branching ratio of 6£2%. The concentrations of transported hal ocar-
bons, methane, and nitrous oxide at the ground are specified with constant mixing ratios using
tropospheric abundance recommendations appropriate for 1990 [WMO, 1991].

Photodissociation rates are obtained using a table lookup method (S. R. Kawa, private com-
munication, 1996) to reduce computational time. Tabulated radiative flux functions are stored asa
function of solar zenith angle, overhead ozone column and wavelength. The radiative flux in each
wavelength interval is obtained through bilinear interpolation with respect to overhead column
and zenith angle. Photolysis rates are then calculated as the sums (over all wavelength intervals)
of the products of the absorption cross sections and the radiative fluxes. Absorption cross sections
are obtained from Demore et al. [1997]. At present the radiative flux tabulations assume a uni-
form surface albedo of 30%. Multiple scattering is parameterized following the methodology of
Meier et a. [1982]. Photodissociation rates for nitric oxide and methane are not obtained from the
table lookup method. Photodissociation of NO is parameterized according to the recommendation
of Nicolet [1979], and CH, photodissociation is treated according to the recommendation of
Nicolet [1985] at the solar Lyman-alpha band. The ultraviolet solar irradiances are derived from
the recommendations of Frederick et a. [1986] based on satellite and rocket measurements.

The model representation of polar stratospheric cloud (PSC) formation and associated hetero-
geneous chemical processing has recently undergone substantial improvement. At present we
consider that 5 reactions (reactions 43, 68, 73, 76 and 80 in Table A3) may occur on PSC parti-
cles. A heterogeneous chemistry model adapted from the University of Cambridge TOMCAT
model [Chipperfield, 1999] is used to determine whether PSCs exist at the local atmospheric con-
ditions and constituent concentrations, and if so, the rate constants for the 5 heterogeneous reac-
tions. The fractions of total HNO3 and H,O that exist in condensed phase are instantaneously
diagnosed from local saturation vapor pressure relations [Hanson and Mauersberger, 1988]. The
local thermodynamic conditions and the amounts of these condensed phase species determine
particle sizes and thus reaction rate constants. The use of such a PSC parameterization requires
that the evolution of winter polar lower stratospheric conditions in our model compare well with
climatology; such verification is presented in Pierce et a. [2000]. Denitrification, aloca removal
of odd nitrogen from the system, is parameterized as sedimentation of HNO3 in PSC particles.
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The presence of condensed phase HNOg is taken as an indicator of type | PSCs, with an associ-
ated weak removal time constant of 75 days; the presence of condensed phase H,O is taken as an
indicator of type Il PSCs, with amuch faster removal time constant of 2 days. The sedimentation
parameterization preserves the column mass of HNO3 (and of odd nitrogen) by allowing evapora-
tion into lower model levels as governed by local saturation vapor pressure. Dehydration through
this sedimentation process is not treated explicitly by the model because climatological water is
used for chemical calculations. However, when H,O iceis present, the local vapor-phase concen-
tration is reduced accordingly.

Heterogeneous chemical processing on stratospheric liquid sulfate aerosolsis simulated by
considering the hydrolysis reactions of N,Og and CIONO, (reactions 88 and 89 in Table A3).
These reactions are represented as first order processes with rate coefficients dependent on the
reaction probability, aerosol surface area density, and mean molecular speed [e.g., Rodriguez et
a., 1989]. The reaction probabilities in these expressions follow the recommendations of Hanson
et al. [1994]. For non-volcanic conditions the aerosol surface area density follows recommenda-
tions for a background scenario [WMO, 1991].

An improved method for computing the photochemical tendencies of individual species has
been implemented. This method is based on the exact solution of the ordinary differential equa-
tion governing the time rate of change of constituent concentration with constant production and
loss, and isreferred to as pseudo-exact. A simple Euler-forward method was previously used to
calculate all photochemical tendencies, and is still used for long-lived constituents (e.g., halocar-
bon source gases and the families Ox, NOy, Cly, Bry). The pseudo-exact method is significantly
more accurate than the Euler-forward method when the chemical loss lifetime is short, asisthe
case for several of the individually-transported species over some portion of the model domain,
and the two methods yield nearly identical results when the chemical loss lifetimeislong.

Newly transported long-lived species (Bry, CH3Br, CF3Br, CF,CIBr, HF, CFCIO, CF,0, CHy)
were initialized using results from a lower resolution CTM simulation [Eckman et al., 1995].
These new species were initialized in the CTM with zonal mean climatologies. The CTM was
then integrated over multiple years, using annually-repeating winds and temperatures, until annu-
ally-repeating constituent distributions resulted - approximately 10 model years. Relationships
were then developed between the new species and N,O, along-lived tracer which has been trans-
ported in both models for several model years. Finally, these new species were mapped to the ini-
tial conditions of the present coupled simulation using N,O as an independent variable. This
technique ensures that the new long-lived tracers are in approximate balance with the model flow-
field. The newly transported “fast” species (HO,NO,, HOCI) were simply initialized to zero and
allowed to evolve. These species reached an approximate diurnal steady state throughout most of
the model domain within 7 days, and throughout the entire domain within 3 weeks.

Present simulations are conducted in a coupled interactive mode. At each time step, the com-
plete wind and temperature fields are obtained from the dynamics component of the IMPACT
model. These thermodynamic conditions are used in the calculation of photochemical tendencies,
as discussed above. Time integration of the constituent continuity equations is then performed
using these photochemical and transport tendencies. The resulting ozone distribution isused in
the determination of stratospheric radiative heating rates by the dynamics component of the
IMPACT model [Pierceet al., 2000].
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Appendix B: Removal of Non-Volcanic Variationsfrom TOM S Data

Much of the variability in column ozone on interannual timescalesis either attributable to or
correlated with natural forcings having specific timescales (e.g., WMO [1999], Randel and Cobb
[1994]). Such forcings include the quasi-biennial oscillation (QBO), EI-Nino southern oscillation
(ENSO), and solar cycle or some other quasi-decadal variation for which solar cycle may serve as
proxy (e.g., Baldwin and Dunkerton [1998], Salby et a. [1997], Randel and Cobb [1994]). To bet-
ter evaluate and compare the modeled and observed responses to vol canically-enhanced aerosol,
periodic variations resulting from external forcings not represented in the model are removed
from the TOMS data shown herein. The approach taken is to use a simple multiple linear regres-
sion model to fit the TOM S data record, exclusive of the post-Pinatubo period, then subtract the
terms for these specific natural forcings from the entire data record.

Theregressions were performed using the longest avail able data record to improve confidence
that longer-period variations are properly represented. Version 7 TOMS monthly zonal mean data
in 5-degree | atitude binswere obtained from the NASA/GSFC TOM S Ozone Processing Team for
the NIMBUS-7, METEOR-3, and Earth Probe instruments for the period 1978-1999. Data from
the NIMBUS-7 and METEOR-3 instruments were averaged during months when both were oper-
ational (between February 1992 and April 1993). The multiple linear regression model was used
to fit the TOM S data within each latitude bin between 65°S and 65°N from November 1978
through December 1999, excluding the post-Pinatubo period June 1991 through December 1994.
Because no TOMS observations are available from December 1994 to July 1996, the fits are
therefore constrained during November 1978 through May 1991 and August 1996 through
December 1999. A separate regression was performed for each calendar month to account for the
seasonality of these variations[e.g., asin Bojkov et al., 1990]. The regression model included lin-
ear, QBO, ENSO, and solar terms. Reference series used to represent the forcings are a weighted
average over 70-10 mb of monthly-mean tropical winds [Randel et al., 1995] for the QBO, nor-
malized Southern Oscillation Index for the ENSO, and solar F10.7-cm flux for the solar cycle.
Each reference series is smoothed with a 1-2-1 filter, adjusted to have a time-mean of zero, and
normalized to a maximum magnitude of 1. A lag of up to 11 months (3 monthsin tropical lati-
tudes) with respect to each reference series was considered in the regression to allow for season-
ally-delayed responses to remote forcing. The final regression for each latitude and month
includes only terms which reduce the regression error at a significance level of 90%. During the
period 1978-1999, the combined adjustments to TOM S O3 from removing the QBO, ENSO, and
solar signatures range between +8 Dobson Unitsin tropical latitudes and £12 Dobson Unitsin
extratropical latitudes.
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Figure Captions

Figure 1. Altitude versus latitude cross-sections of zonally- and seasonally-averaged methane
obtained from approximately 7 years of data. HALOE V19 data from 1993-1999. (a) DJF
HALOE observations (ppmv). (b) DJF IMPACT model results (ppmv). (c) DJF percent differ-
ences (model minusHALOE). (d) JJA HALOE observations (ppmv). (e) JJA IMPACT model
results (ppmv). (f) JJA percent differences (model minus HALOE).

Figure 2. Asinfigure 1, except for ozone (ppmv).

Figure 3. Asinfigure 1, except for HCI (ppbv).

Figure 4. Baseline monthly-mean column ozone (Dobson Units) and standard deviation com-
puted from 7 years of data. TOM S data from 1984-1990 with QBO, ENSO, and solar cycles
removed (see text). () TOMS column O3. (b) Model column O3. (¢) Difference in column
O3 (model minus TOMYS). (d) TOMS standard deviation in column O3. (e) Model standard
deviation in column O3. (f) Difference in column O3 standard deviation (model minus
TOMS).

Figure5. Polar areawhere monthly-average temperature is colder than 195 K at 50 mb computed
from the model and NCEP data. (a) Southern Hemisphere. (b) Northern Hemisphere.

Figure 6. Northern hemisphere 50 mb polar orthographic maps from the AHS elevated-aerosol
simulation on March 17 of Year 3 (1992). (a) CH4 (ppmv). (b) SAD (um? cmd).

Figure 7. September zonal-mean cross sections of aerosol surface area density (SAD) for the 4
successive years of the AHS elevated-aerosol simulation (um? cm™3). (a) Year 2 (1991).

(b) Year 3(1992). (c) Year 4 (1993). (d) Year 5 (1994).

Figure 8. September cross sections of the zonally- and monthly-averaged aerosol radiative heat-
ing anomaly for the 4 successive years smulated (K/day). Contour levels £0.01, £0.05, £0.10,
+0.20, and £0.30. (@) 1991. (b) 1992. (c) 1993. (d) 1994.

Figure 9. Timeseries of modeled total column ozone (Dobson Units) as afunction of latitude.
Contour interval 25 Dobson Units. (a) BL1 baseline ssimulation. (b) AHS elevated aerosol
simulation. (¢) AHS minus BL 1. Contour levels of £10 added.

Figure 10. Timeseries of near-global (60S-60N) area-weighted mean column ozone from
IMPACT model ssimulations and TOMS observations. Solid line is annually-repeating mean
computed from 7 model baseline years, shading indicates baseline 1- and 2-sigma interannual
standard deviation. TOM S observations adjusted for QBO, ENSO, solar (see text).

Figure 11. Timeseries of modeled monthly-mean column ozone change (percent) due to elevated
aerosol heating and to both elevated heating and SAD. Shading indicates baseline 1- and 2-
sigmainterannual standard deviation. (a) Near-global. (b) Tropical. (c) NH mid-latitude.

(d) SH mid-latitude. (€) NH high-latitude. (f) SH high-latitude.

Figure 12. Timeseries of monthly-mean column ozone response to elevated aerosol computed
from TOMS data (see text for details). Shading indicates baseline 1- and 2-sigma interannual
standard deviation. (a) Near-global. (b) Tropical. (c) NH mid-latitude. (d) SH mid-latitude.
(e) NH high-latitude. (f) SH high-latitude.

Figure 13. Annually-averaged TEM circulation and vertical velocity for the first year following
the eruption, June Year 2 (1991) through May Year 3 (1992). (a) TEM circulation from AHS
simulation (kg m™ s1). (b) W velocity from AHS simulation (kg m™ sY). (c) TEM anomaly
(AHS-BL1) (kg m™ s1). Shading indicates changes exceeding 1- and 2-sigma interannual
variability. (d) W anomaly (AHS-BL1) (kg m™ s1). Shading asin panel (c).

Figure 14. Altitude-latitude cross-sections averaged over the June/July/August period of Year 3
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(1992) from the elevated aerosol ssmulation (AHS), and aerosol-induced anomalies. (a) Tem-
perature (K). (b) Methane (ppmv). (c) Ox (ppmv). (d) Temperature anomaly (K). (€) Methane
anomaly (ppmv). (f) Ox anomaly (ppmv).

Figure 15. Asinfigure 14, except for nitrogen species (ppbv). (a) NOy. (b) HNO3. (¢) NOX.

(d) N205. (e) NOy anomaly. (f) HNO3 anomaly. (g) NOx anomaly. (h) N205 anomaly.

Figure 16. Asin figure 14, except for chlorine species (ppbv). (a) Cly. (b) HCI. (c) CIx.

(d) CIONQO2. (e) Cly anomaly. (f) HCl anomaly. (g) Clx anomaly. (h) CIONO2 anomaly.

Figure 17. Altitude-time series of globally-averaged model response to elevated aerosol. Shading
indicates changes exceeding 1-sigma and 2-sigma interannual standard deviation. Zero con-
tours not shown. Panels (a)-(c) show response to aerosol heating and SAD combined, panels
(d)-(f) show response to aerosol heating only. (a) Temperature (K). (b) Methane (ppmv).

(c) Ozone (ppmv). (d) Temperature (K). (€) Methane (ppmv). (f) Ozone (ppmv).

Figure 18. Temperature anomaly (K) versus odd oxygen anomaly (ppmv) resulting from elevated
SAD only (AHS minus AH).

Figure19. Asinfigure 17, except response in nitrogen species (ppbv) to aerosol heating and SAD
combined. (a) NOy. (b) NOx. (c) HNO3. (d) N205.

Figure 20. Asin figure 17, except response of chlorine species (ppbv) to aerosol heating only.
(@ Cly. (b) CIx. (c) HCI. (d) CIONO2.

Figure 21. Asinfigure 17, except response of chlorine species (ppbv) to elevated SAD only.

(@ Cly. (b) CIx. (c) HCI. (d) CIONO2.

Figure 22. Asinfigure 17, except response in chlorine species (ppbv) to aerosol heating and SAD
combined. (a) Cly. (b) Clx. (c) HCI. (d) CIONO2.

Figure 23. Zonally averaged quantities simulated by the model and observed by the UARS satel-
lite at 30 mb during May 1992. Model results from mean baseline (BL C) and el evated-aerosol
(AH and AHS) simulations. (a) Temperature (K) with HALOE observations. (b) CH4 (ppmv)
with HALOE observations. (c) O3 (ppmv) with HALOE observations. (d) HNO3 (ppbv) with
CLAES observations. (e€) HCI (ppbv) with HALOE observations. (f) CIONO2 (ppbv) with
CLAES observations.

Figure 24. Latitudinal distribution of odd-oxygen photochemical loss during May of Year 3
(1992) at 30 mb from the baseline (BL 1) and elevated-aerosol (AHS) simulations. (a) Total
photochemical loss (ppmv/month). (b) Fraction due to nitrogen-catalyzed cycles. (c) Fraction
due to halogen-catalyzed cycles. (d) Fraction due to hydrogen-catalyzed cycles.

Figure 25. Asinfigure 24, except at 20 mb.
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Table 1. Maximain total column ozone anomaly (%) with post-Pinatubo aerosol |oading.
Variability estimates shown are 95% confidence limits for ground-based analysis and pre-
volcanic yearly 2-sigma standard deviations for TOM S analysis and model results. Shown in
parenthesis is the approximate number of months from the eruption to the anomaly maxima.

Ground-based Dobson TOMS IMPACT model

[Angell, 1997(a)] (present analysis)
Global -1.9+0.7 (15) -3.2+1.1 (16) -3.8+1.1 (20); -3.7+0.7 (16)
Tropical -1.7£1.4 (27) -3.8£1.5(12) -5.2+0.6 (5); -4.7+1.9 (13)

NH mid-latitude -6.1+1.6 (21) -9.9+3.5 (20) -3.8+1.5 (20)
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Table A1. Chemical constituents used in the Model

36

No. Constituent No. Constituent
1) O3 (28) N

2 O (29) Cl,

(3 NO (30) CH3
(4) NO, (31 HCO
(5 HNO3 (32) CH30,
(6) HNO, (33) CH30O
(7) NOs3 (34 CIO,
(8) Hy0, (35) O,

(9 OH (36) H»
(10) HO, (37) CH3CCl5
(11) NyO (38) HOCI
(12) N,Og (399 HO,NO,
(13) H,0 (40) ClI,0,
(14) HCI (41) OCIO
(15) CF.Cl, (42) Br

(16) CFCl; (43) BrCl
(17) CIONO, (44) BrO
(18) CH,4 (45) HBr
(19) CH,O (46) HOBr
(200 CO (47) BrONO,
(21) CH3;00H (48) CH3Br
(22) CCly (49) CF3Br
(23) CHxCI (50) CF,CIBr
(24) Cl (51) HF
(25) ClO (52) CFCIO
(26) H (53) CF,0
(27) Oo('D)
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Table A2. Photolytic Reactions Used in the Model

No. Reaction No. Reaction

(1) Oy,+hv - 20 (22) CCly+hv 4Cl + products
(20 Oz+hv - 0,+0 (23) CH3Cl +hv CH3 + Cl

(3) O3+hv - 0,+0('D) (24) CH,O +hv H + HCO

(4) NO,+hv - NO+O (250 CH,O+hv CO+H,

(55 CH3CCI3+hv - 3Cl + products (26) HOCI + hv Cl + OH

(6) HNOz+hv - NO, + OH (27) HO,NO, + hv HO, + NO,

(7) HNO, +hv - NO+OH (28) CH3OO0H + hv CH3O + OH

(80 H,O+hv - H+OH (29) Cl,0, + hv Cl +ClO,

(99 HyO,+hv - 20H (30) OCIO + hv O+CIO

(10) NOz+ hv - O,+NO (31) BrCl +hv Br + Cl

(11) NOs+hv - O+NO, (32) BrO+hv Br+0O

(12) N,O+hv ~ N, +O('D) (33) HBr+hv H +Br

(13) NyOg + hv - NO,+NO; (34) HOBr + hv Br + OH

(14) NO+hv - N+O (35) BrONO, + hv BrO + NO,

(15) HCl +hv - H+Cl (36) CH3Br + hv Br + CHy

(16) ClO, + hv -~ O+ClO (37) CF3Br+hv Br + products
(17) CIO+hv - O0+Cl (38) CF.CIBr+ hv Br + Cl + products
(18) Cl, +hv - 2Cl (39) CFCIO + hv HF + products
(19) CFCl3+hv — 3Cl +F+ products (40) CF,O + hv 2HF + products
(20) CF,Cl, + hv — 2Cl + 2F + products (41) CH4+ hv CH, + H, (90%)
(21) CIONO,+hv - ClO+NO, CHy +hv CH + Hy+ H (10%)
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Table A3. Chemical Reactions Used in the Model
No. Reaction No. Reaction
(1) O,+0O('D) 0,+0 (54) HCI+0O - Cl+OH
(2) N,+0('D) N, +O (55) Cl+0,+M - ClO,+M
(3) H,0+0('D) 20H (56) ClO,+M L Cl+0,+M
4 O+0,+M O;+M (57) HO,+NO,+M - HO,NO, +M
(5) 0O3+0 20, (58) Cl +ClO, - 2CIO
(6) O+OH H+O, (59) CI+ClO, - Cl, + 0O,
(7) O+HO, OH + O, (60) CIO+CIO+M - Cl,0,+M
(80 NO,+O NO + O, (61) Cl,0,+M -~ CIO+ClO
(99 Cl+CH)O HCI + HCO (62) HO,NO,+M - HO,+NO,+M
(10) O + CH,0 OH + HCO (63) CIONO,+OH - HOCI + NO;g
(11) H+ O, + M HO, + M (64) 20H + M ~ H0,+M
(12) O3+ OH HO, + O, (65) H,0O,+0O — OH+HO,
(13) O3+NO NO, + O, (66) CH, + OH ~ CH3+H,0
(14) NO, + O3 NO3 + O, (67) CIO+NO,+M - CIONO, +M
(15) O3+H OH + O, (68) CIONO, + HCI(s) - Cl, + HNO4(9)
(16) 20H H,O+ O (69) CIONO, +0O -~ CIO+NO;
(17) OH +HO, H,O+ O (70) HO,NO,+OH - NO,+ O, +H50O
OH +HO, + M HO+0O,+M (71) HCI+O(*D) - Cl+OH
(18) OH+NO, +M HNO3 + M (72) H,+OH - H,O+H
(199 OH +NO + M HNO, + M (73) CIONO, + H,0O(s) - HOCI + HNO4(9)
(20) HO,+ NO OH + NO, (74) CFCl, + O(lD) - 2Cl + products
(21) OH +H,0, H,0O + HO, (75) CFCl3+ O(lD) - 3Cl + products
(22) 2HO, H,0O, + O, (76) N,Og+HCI(s) - CINO,+ HNO4(s)
2HO, + M HyO, + O+ M (77) CHz+0,+M  — CH30,+M
(23) NO + NO3 2NO, (78) CH3z0,+HO, - CH3OOH + 0O,
(24) NO+O+M NO, + M (79) CHz0,+ NO — CH30 + NO,
(25) O(*D) + N,O N, + O, (80) Ny,Og+H,0O(s) — 2HNO5(s)
(26) O('D) + N,O 2NO (81) ClO + OH . Cl +HO, (95%)
(27) O(*D) +N,+M - N,O+M ClO + OH - HCI + O, (5%)
(28) O3+ HO, OH + 20, (82) CH30+ 0Oy - CH,O + HO,
(29) HNOz + OH H,0 + NO3 (83) CH,O+ OH —~ HCO +H,0
(30) O(*D) + H, H+ OH (84) HCO + 0O, -~ CO+HO,
(31) OH + CH3CCl5 3Cl + products (85) CO+OH - H+CO,
(32) O('D) + CH, CH; + OH (86) CH5Cl + OH - CI + products
(33) HO,+CIO HOCI + O, (87) CH3O0OH +OH - CH30,+H,0
(34 NO,+O+M NOs; + M (88) Ny,Og+H,O() - 2HNO;3
(35) NO, +NO3z+M N,Og + M (89) CIONO, + H,0(l) » HNOz + HOCI
(36) N,Og+M NO, + NO3+M  (90) CH3Br+ OH - Br+H,O
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Table A3. Chemical Reactions Used in the Model

No. Reaction No. Reaction

(37 (91) ClO+ClIO Cl + OCIO
(38 (92) ClO+CIO Cl + ClO,
(399 N+NO, - N,O+O (93) ClO+CIO Cl, + 0O,
(40) N+0O, - NO+O (94) Br+0g Bro + O,
(41) N+NO - N, +0O (95) Br+HO, HBr + O,
(42) O+ HOCI - OH+CIO (96) Br+ CH,0O HBr + HCO
(43) HOCI +HCI(s) - Cl,+ HyO(s) (97) BrO+0O Br+ 0O,
(44) CI+0g - ClIO+0, (98) BrO+HO, HOBr + O,
(45) ClO+0O - Cl+0, (99) BrO+NO Br + NO,
(46) CIO+ NO - CI+NO, (100) BrO + NO, + M BrONO, + M
(47) CH,+Cl - CHs;+ HCI (101) BrO + CIO Br + OCIO
(48) H,+Cl - H+HCI (102) BrO + CIO Br + ClO,
(49) Cl +HO, - HCI+0, (103) BrO + CIO BrCl + O,
(50) CI +H,0, - HCl + HO, (104) BrO + BrO 2Br + O,
(51) CIONO, + Cl - Cl, + NO3 (105) HBr + OH Br + H,O
(52) HOCI + OH - CIO+H,0 (106) CFCIO + O(lD) products
(53) HCl + OH - Cl+H,0 (107) CF,0 + O('D) products
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(a) T (Kelvin) AHS: yr3_JJA (1992)
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(d) T Anomaly (Kelvin) AHS-BLC: yr3_JJA (1992)
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(f) O, Anomaly (ppmv) AHS-BLC: yr3_JJA (1992)
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(@) NO, (ppbv) AHS: yr3_JJA (1992)

10"
10";— E
o) -—Z/V//\/\/sl" 1
E 6 16 ]
Q gE® 4 3
; B '\/@/\\Mi
o s 10—
a - ¥\_//—/—\éz—:
L 2—|
10°E . . . . .
-90 -60 -30 0 30 60 90
Latitude
) (b) HNO; (ppbv) AHS: yr3_JJA (1992)
10° T T T T T
10°F E
= L ]
= 3
S 10'F -
a E 6 —]
2 §\/\ 4
10 -— 2 ]
1035 . . . . .
-90 -60 -30 0 30 60 90
Latitude
) (c) NO, (ppbv) AHS: yr3_JJA (1992)
107 T T T T T
: B —L
- e E
10°F E
= C ]
5 10'F =
2 [ =
(] o A
-
10°F 3
10°E . . . . .
-90 -60 -30 0 30 60 90
Latitude
) (d) N,Og (ppbv) AHS: yr3_JJA (1992)
10" T T T T T
10°F_ 3
e :\'25 ;
E E 0.50 3 E
S 10F LA 0TS 3
2 x/_o .
%] r . 4
(] - 4
T E
10%F 3
10°E . . . . .
-90 -60 -30 0 30 60 90
Latitude

Figure 15

Pressure (mb)

Pressure (mb)

Pressure (mb)

Pressure (mb)

(e NOy' Anomal¥ (ppbv) AHS-BLC': yr3_JJA' (1992)

0.4
10°F s
E o, Os =
1015—? c
= E
102E-° 0.4 =
10°E Q . . . .
-90 -60 -30 0 30 60 90
Latitude
) (f) HNO; Anomaly (ppbv) AHS-BLC: yr3_JJA (1992)
10° y T T T T
10°F=0.0 C
- — 9
: — o)
102 _3L/_/\ 3
L o2 ]
1035 G L ) : :
-90 -60 -30 0 30 60 90
Latitude
(g) NO, Anomaly (ppbv) AHS-BLC: yr3_JJA (1992)
:
F~ —
- Q.Q' —_—
Haaeree, - <
10t §_ < - T =la == —-— -1‘9.4 _é
R P L P B N
- S - STTI o
10%F- =
C ol ]
10% . : : . .
-90 -60 -30 0 30 60 90
Latitude
) (h) N,O5 Anomaly (ppbv) AHS-BLC: yr3_JJA (1992)
107 T T T T T
: \j |
£— 0.0 o 3
10°F+ o4
10" _“\ 3
L (fZ‘\ _____ et T e e SN 0~0 ]
10°F E
E — o E
10%E Gnl e . = s
-90 -60 -30 0 30 60 90
Latitude



(@) Cl, (ppbv) AHS: yr3_JJA (1992)
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(9) Cl, Anomaly (ppbv) AHS-BLC: yr3_JJA (1992)

0

Latitude

1(h) CIONO, Anomaly (ppbv) AHS-BLC: yr3_JJA (1992)

—

&

.‘I\
_,/

v

R i
0

4
L
2SN

Z,
Yz

177

T
7

Vil
W

,..
\

o

o

S

S

sl
(8

-90 -60 -30 0 30 60 90

Latitude



) (a) Temperature Anomaly AHS-BLC (Kelvin)
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(d) Temperature Anomaly AH BLC (Kelvm)
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(a) NO Anomaly AHS- BLC (ppbv)
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(a) CI Anomaly AH- BLC (ppbv)

(c) HCI Anomaly AH- BLC (ppbv)
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(a) CI Anomaly AHS- AH (ppbv)

(c) HCI Anomaly AHS- AH (ppbv)
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) (a) CI Anomaly AHS BLC (ppbv)
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(a) Yr 3 (1992) May Mean: 30 mb Total L(O,)
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(a) Yr 3 (1992) May Mean: 20 mb Total L(O,) (c) Yr 3 (1992) May Mean: 20 mb L(O,)_CIO,+BrO,
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